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Tokamak reactor system conceptual design code (TRESCODE) is
developed on the basis of FER design studies. The code can be applied
to the scoping studies for various reactor concepts., In this objects,
relative cost estimations in terms of volume/weight and input/output
energy can be carried out under the design driver/constraints of
physics and engineering. Cost effective reactor concept is to be
selected in this process. The code can also be used for engineer-
ing design of takamak core structure for the selected reactor concept.
In this objects, accurate radial-build and vertical-build based on shield
calculation and stress/strain analysis of magnet system can be carried
out under the design constraints/conditions. Operation scenario is
included with plasma equilibrium and poloidal field calculations to

obtain the desired reactor concept.
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1. Intrcduction

The tokamak reactor system conceptual design code (TRESCODE) has
been developed at JAERI on the basis of FER design studies. There are
two objects for developing the design code, The first object is that
TRESCODE can be applied to the parameteric studies for various reactor
concepts. In this objects, relative cost estimations in terms of
volume/weight and input/output energy can be carried out under the design
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 cobject is that TRESOCDE can be used for
engineering design of tokamak ceore structure for the selected reactor
concept. In this object, accurate radial-build and vertical~build based
on the shield calculation and stress/strain analysis of magnet system
can be carried out under the design constraints/conditions. Operation
scenario is consistent with plasma equilibrium and poloidal magnetic
field calculations to obtain the desired reactor concept.

The code consists of six major blocks, namely, plasma power balance
calculation with core structure restriction, toroidal field coil design,
poloidal field coil design with plasma equilibrium and field calculations,
operation scenario, electric power supply analysis and relative cost
estimation. Basic flow chart is shown in Fig. 1. In the process of
determining the inner torus radial build, shield requirements given as
constraints for neutron wall load and lifetime fluence are sclved
consistently by introducing a simplified shield calculation model. The
radius of solenoid coils is also solved ceonsistently under the necessary
volt second required from burn time and operation scenario as the design
driver. The current density of TFC's conductor is principally deter-
mined by the B—JC relation. TFC case is designed to satisfy allowable
stress intensity for primary membrane stress against in-plane and
overturning force at all. Poloidal field coils' positions are automatically
determined with reflecting prohibition regions such as access ports,
torus core supporting legs, et. al.. PFC cross section and their final
positions are solved consistently with the 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 scenariec, that is, a
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required volt second is discussed in detail, because the reactor size and
PFC system strongly depends on this considerations. The electric power
supply is also estimated consistently with the operation scenario. The
accunulated capacity of the power supplies for PFC wiil be dominant to
compare with that for TFC. Our main considerations in this code is
appropriate evaluation of the power supplies for PFC, 1In addition,

the power supplies for heating and current driving is also discussed.

Finally, cost estimation in terms of weight and energy is provided.
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2, Plasma power balance

2.1 Basic equations
The simpiified point-model power balance equationsg are used to obtain

the plasma and device parameters, namely,

- 2
Pcon +'Pbr +Psy - P&(l * Q) (2.1
where,
3 Pe %y
PCOI’l = > kT (?‘* + ?“*‘) or (2.2)
Ee Ei

3
= k (ne + ni)T

2
global
Tg
— ~38 2
P =1.41 x 10 Zogs Mg /T (2.3)
P =6.38 x 107*% 8.2"% 12 /a /v : (2.4)
sy T e
P, = opn, <ov> B fr . (2.5)

All variables are in MKSA unit except for temperature {(eV). Ngs 0 gnd T
are the averaged electron demnsity, ion density and plasma temperature
assuming I, = Ti, respectively. fr is the numerical factor which
represents the profile effect of density and temperature on fusion power.
Q is the energy multiplication factor defined by Pfusion/Pin' Ea and
<gv> are o-particle energy produced by DT fusion reaction and its

reaction rate, We use the following functional form for <gve,

<ov> = 1.0 x 10777 exp[0.038245 (1n T, _ )"
- 1.0074 (In T ) +6.3977 (In T, ) - 9.75] (2.6)
- 3
where Tkev = T/10° (keV).
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2.2 Energy confinement

global
TEe’ TEi and s

time, ion energy confinement time and global energy confinement time,
respectively., Various confinement time scalings are incorporated in

the code as follows.

(1)

EMimOV = 0.155 % 107 a I /& (2.7)
. (2)
TEOPtmlze‘i - 0.046 R a B /T (2.8)
) INTOR/Alcator ) = 5.0 x10-21 n < a? (2.9)
E
neo—Alcator(A) 290
T = 7.0x107°* n_a R? vq_, (2.10)
E e it
(5
TEASDEX H - 0.064 X107 R I VK (2.11)
711 (6) —
Ty = 0.014 x1072° a, al %% R*75 M/VT (2.12)
GOldStOﬂ(7) 3 005 0e37 1275 7o, o
T = 0,023 x107% 1 kP95 g0-3%7 gt- VM/ VP,
E P in

(2.13)
where I is plasma current, K plasma elongation, M ion mass, q¢ safety
factor at edge, and Pin input power. Mirnov type scaling is used as a

reference for the FER design.

2.3 Beta limit and fuel density
Several models for beta limit are incorporated in the code as

follows.

Trovon L (MA)
Troyon scaling(S}: Bc Y (%) =G ‘%ﬁ““ (2.14)
T
l.5 ¢ 0«75
JAERL scaling?) : 8 TAPRL(y 230 <777 |y 5 40.9(=1)8 0.6 &
¢ A qw L 9.
‘ Y
61.5 3
+ L4(k=1)(1.85-K) - | (2.15)
Qw J
GA scaling(lo) : BSA (%) = C et*? 21 +1.56)q_:,;1'1 (2.16)

in Eq. (2.2) are the electron energy confinement



JAERI-M 87-120

) 5.7 1 _(Ma) | I (MA)l
Yamazaki scaling(ll): BYamazakl(%) = - aéj———— 1—]3~J&E_*— {2.17)
T b |

( )

b = 0.065i{1 -
3

_k=140.058  1+1.58 2'5} (2.18)
v

where A and £ are the aspect ratio and inverse aspect ratio, respectively.
¢ is plasma trianguiarity. Troyon scaling is used as a reference for
FER desigh and Yamazaki scaling may be used for the option design of
extremely shaped tokamaks.

JAERI model is also prepared for the relation between qw and Ip being

consistent with MHD analysis,

HoAL
-1 _ S 2 z - P _ 1
1 1-1/A% (3557 0.085) Sab 0.07{1+ (x-1)&7 (2.19)
. - (12) R .
We also use the emperical expression based on equilibrium calculations
such as
_ 21 ®Pr 4e? (1 4 0:16+0.6336, f1+8p(0'45+‘5) 1 (2.20
W~ AL 2 V& 1 al-s ] 20

where 3 dis poloidal beta.

Alghough the total o density could reach the order of the background
density, some fraction of fast ¢ particles not in losing during their
slowing down would contribute to the total pressure. The ratio Fu of fast
o pressure to background plasma pressure has a strong dependence on

(13)

background plasma tempefature. According to Jassby's studies R Fa may be -

approximated by the following form.

Fa =0 (T < 7 keV)

0.015 TkeV - 0.1 (7 keV < T £ 30 keV) (2.21)

Improvement of this expression by using the steady state solution of
Fokker-Planck equation is now under way.
Including the helium ash concentration and some impurities, fuel

densities, and n,,, are given as
T
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2
n = 1 s P 1 (2.22)
D 4.03%10 25 14£ , 14T T
el o
£ 5 BZ
I’l _ 1 T C T (2.23)

T~ 4.03%10 25 1+f _, 14 T
el o

where fD and fT are the ratio of deutron and tritium density to total ion
density s fei is the ratio of total electron density to total iom
density. These are input parameters in the code and typical values in the
FER design are fD = fT = 0.465, fHe (helium) = 0.05, fH(hydrogen isotope)
= (.01, fC {carbon) = 0.005 and fDX {oxygen) 0.005 so that fei ~ 1,11

and Zeff ~ 1.5.

2.4 Plasma heating and current drive powers
Plasma heating power demsity, Py . .» is determined by solving the
following power balance equations,
+ = + (2.24)
Pcon Pbr + Psy Pa + PJ Pheat

where PJ is the joule heating power density. We assume two heating

passes, namely

Pass 1; n(T) = const. (2,25)
"e "Mig.app
Pass 2; n(T) = € M & (2.26)
T
B
where n_ is the electron density of the ignition plasma, n, is the
e ig.app

electron density at the begining of ignition approach phase, assuming
~ 3 x 10'% n=3, and TB is burning plasma temperature at operation point.

Plasma heating power P, is then given by

H

P = Max.|[P

i eat(Pass 1, P

eat(Pass 2)] x val * 8F (2.27)

h h

where Vol is the plasma volume, ZﬂzKasz, and SF is a marginal safety
factor. .

Current drive power is estimated from a current drive efficiency

ndrive'
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(i) Case of NBI current drive

Current drive power PCD is given by(la)
I
BT P .
"NBT
where
R <T_>z:9
NRT - T tang e 0.2 J(x",y), a
Udrive = %pd R TP w3 G2 T (Byslappap ) (2
‘ P P e P
Abd: coefficient for current drive efficiency (~0.11 A/Watt)
_ =T
fS = e (2.
T = 1.7 ng Geff Rp (2.
a ~ 1 (2
eff — 2.8 x 1013 Eb (keV) )
Eb (keV): Dbeam energy
R =r -2 (2.
tang P 5
J(x",y) = x"?/[A+3y+X" 2 (x'+1.3940.61 v'*7)] (2.
E
b
x' = (2.
Bdec
Bbd = 2.0 (2.
EC ~ 100(keV) Ab<T>1o (2.
Ab = beam mass
;- Zetr 0
54, ’
_ 20
<ne>20 = ne/lo (2,
<>, = T/10% (2.
F(Z, 7 .oy€) = aem i [1-G(Z =
prlefr?®) TT Ty eff? (2.
b eff
Zb: Atomic number of beam
G(Z ..» E) = (1.554—0'85)/5-(0.204-1‘55)5 (2.
ef f 7z Z
eff eff

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)
40)

41)

42)

Abd’ Eb, Zb, Ab and 5 are input in the code, <ne>20 and <T>iy are

specified by operation scenario.

B
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3. Inner torus radial-build and shield requirements

3.1 TInner torus radial-build
~ Schematic radial-build of tokamak system is shown in Fig. 2. 1If a
necesgssary volt second Ad is given by the operation scenario, the outer
radius of solenoid coils, Rsol’ is evaluated by the following equations.
- %
hp = ZBPmax(l_-fEQ)><ﬂ(RSol ‘—Rsol.AP 4-_5_) (3.1)

BPmax = upy fPS Lo Jpw AP (3.2)

where BPmax and JPW are allowable maximum field and maximum current
density of the solencid coils, respectively, which are specified as design
conditions. v is a correction coefficient for the finiteness of the
solenoid coils. fPS is & space occupation ratio of the superconductor
over the solenoid coils including support structures. «_ is the ripple

I

correction factor for the descreteness in 7 direction. represent a

fEQ
fraction of field reduction due to divertor coil field on hybrid-type
solenoid coilis. fEQ strongly depends on plasma shape and operation

'scenarios. In the code, fEQ is initially given but exact RS is

ol
evaluated by iterative method described in Sec. 7.

Toreidal fleld coil's thickness is calculated from the following equation,

AT
o Ty 208y (Ry + Dby

Tmax
- (3.3
Oy 2m (RT + AT)
Rp =R, 1+ Agap + ABC + Acanl (3.4)

where B and J are allowable maximum field and current density,
Tmax tw

respectively, which are specified as design conditioms. fts is the

space factor of conductor in the toroidal direction. %p is the ripple

correction factor due to the discreteness at the inner leg. A is

gap
specified,. ABC’ ﬂcanl and Aca

Therma]l shield thickness ATS and vaccum vessel thickness AVV are

specified. Initial values of shield thickness ASDI and blanket/shield

thickness ABLI are given. Finally plasma scrape-off thickness of inner

qo are initially given,
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torus ASOI is specified from impurity control requirement, then the

distance A between TFC and inner plasma edge is given by

B=8any T hps Ty Fhgnr t 51 Tt Aepr - (3.5)

As a result, toroidal field at plasma center BT is given as

B
_ "Tmax a+h
BT = {1 - o ). (3.6)
Under the restrictions of inner torus radial-bulld given by Egs. {3.1),
(3.2), (3.3}, (3.4) and (3.5), plasma power balance equation, Eq. (2.1)
can be solved with Eq. (3.6).

3.2 Shield requirements
Neutron wall load is determined from the above process. Here, the
shield thickness is reexamined whether it is enocugh for a given lifetime

fluence and wall load. Effective shield thickness Aeff is

& = f + £ A + £ + .
eff BLI ABLI SDI SDIL vV ﬂVV fcanZ AcanZ (em) (3.7

fBLI '+ Effective thickness factor for blanket

fSDI : Effective thickness factor for shield

fVV : Effective thickness factor for vacuum vessel

fCanz Effective thickness factor for helium can

Note : For effective thickness factors,
f = f = f = f ~ 0.9 is assumed in the

BLI ShIl AAY can2 ~
current calculation.

Shielding responses are calculated approximately by the following

equation:
-u {iYh (i)
R() = T()P (/PR () e ° eff (3.8)



JAERI-M 87-120

R{1) : DNueclear heating rate of SC (W/em¥)
R(2) : Copper atomic displacement {dpa)
R(3) : Insulator absorbed dose (rad)

R{(4} : TFast neutron fluence (cmfz)

RFw(i): Response at first wall
us(i) : Effective attenuation coefficient (cmfl)

T(i) : Total irradiation period during lifetime (sec)

(except T(l)=1)

These factors are summarized in the following
table based on the design of FER(FY1986):

i R, (D) u (1) &)
i 10.3 (w/cm?) (B 0.1302
2 3.33 x 1077 (dpa/s) 0.1431
3 7.08 x 10° (rad/s) 0.1383
A 2.19 x 10Y* (I/cm?/s) 0.1324

(a) Shield composition: §88316-85%, H,0-15%
(b) SC composition : S85316-34%, Cu~33%

On the other hand, total nuclear heating is estimated by the following;

i ) DNuclear heating in front wall of helium can (neglect nuclear heating
in rear wall)

Nuclear heating in the front wall of the helium can is calculated by

the following equation:

Acan2+&T —uct

Y(L-£ )0 h_ e dt | (3.9

h = 21m{r_ +A
¢ ca ts

can n2

can? -uct

£ h e dt

+ 2Tr(rc‘i‘Ac:amZ)fts c
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where,
ftS : Space factor of TFC conductor in toroidal direction
-u (1)(A - f A )
. s eff can? can?2
hc : Pw RFW(I)E (3.10)
L ¢ Poloidal length of TFC in the inboard part of the torus
which dominates total nuclear heating {(see the note)
f =R =-a-~A
C
hc' : Nuclear heating rate at the front surface of helium can
hm : Nuclear heating rate at the front surface of superconductor

ii ) DNuclear heating in superconductor

Nuclear heating in the superconductor is calculated by the following

equation: A
~Ugemt .
h =2rr £ &h J e SOMT 4¢ (3.11)
s5C C ts m 0
“Us (D) lers

by = Py Rey Byl e (3.12)

iii) Total nuclear heating in TFC
Total nuclear héating in TFC, R(5), is therefore, calculated as

follows:

R(3) =h + h

can sc
can T =-u t
{— {A 2+A .
= 2 (re+Acan2)2 hci (l—fts) e dt
_ 0
can? -u t AT —usc
+f e © dt|+2mr 2nh e dt
ts c m
4] - 0
=E h +E h (3.13)
c c m m

where, attenuation coefficients for nuclear heating rate, Me.s USC are

given in the following table:
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0.1066 (Aeff = 65 cm)

76.6 ¢m)

0.1976 (Aeff

Attenuation coefficient, usc is correlated to the effective shield

thickness, Aeff by the following relationship:

oo = 0.0078 Aeff - 0.403

<Note> Determination of the dominant poloidal length of TFC, 1

The dominant poloidal length of TFC in the inboard part of the

torus, 1 is assumed to be equal te the plasma height:

For SND, 2 Kua + K. a

N
For DND, 2

H

2 X KNa

After all, Required effective shield thickness is calculated by the

following equation:

D
L1 RD (1)
B (1) n (D) In ' 7y P, Ko (D)

I¥

(i =1~ 4) (3.14)

. D 1
o1 R™(5)
berg(®) = n (D " [(EC+Em) P RFW(I)J

(3.15)

Maximum of Aeff(i) is a necessary effective shield thickness, If the

initial value of Aef is thiner or thicker than maximum Aeff(i), A is

f eff
adjusted and the power balance equation is sclved iteretively until

appropriate shield thickness is obtained.
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Finally, shielding design criteria are summarized in the following table:

Design Criteria
RD(l) 1 x 10A_3 w/em?®
rP(2) 4 x 107" dpa
rRD(3) 3 x 10° rad
R (4) 2 x 10*% em™?
®(5) 15 kw
Fluence 0.3 MW*Y/m?

As copper atomic displacement damage can be recovered by the room temper-
D
ature annealing, the copper dpa criterion, R (2) is not applied strictly.
Total irradiation period is calculated based on the lifetime

fluence as follows:

T(i) fluence x 365 X 24 x 60 X A0 / PW

3.154 % 107 x fluence / P (sec)

__13__,
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4. Toroidal field coil design

4.1 Conductor design

Design of cable-in-conduit type forced flow superconductor
carried cut by the following process;
{1) Constraints of TFC conducter design.

i) Winding current density j < 35 A/mm?

pack
i) Maximum field of conductor Bm £ 127
ifi) Superconducting material is (Nb-Ti)SSn
ir) Operating current Iop ~30 KA
v) Maximum terminal voltage Vmax < 20 kv
vi) Maximum pressure in the conduit Pmax < 15 MPa
vii) Using cable-in-conduit type forced flow superconductor.
viii) Ceil manufacturing process is Wind and React.
{(Maximum al}owable Strain of winding is 6x1077.)
{2} Other conditions
1} Void area fraction fco==0.4
ii) Maximum hot spot temperature Tmax==100 K
i{i) Conduit area fraction 1-—fw==0.4
#v) Temperature margin TCS—-Tb= 2 K
(3) Design process of TFC superconductor

The current density of the conductor J[A/mm*] is calculated using

following formulas;

J=18.66 R; £2 (4.1) [strain limit of winding]
=0.36JC(I - FYAT (4.2) [temperature margin limit]
1
= 50,2 %;- %g' (4.3) [limiting current condition]
B 12
AT=18.3 (l—-zz?§> -5 (4.4) [temperature margin]
B2
J. =2300 (1——24?5> [A/mm?] (4.5) [critical current density]

0=0.63+0.488_ (<1071 Qem]  (4.6) {electric resistivity of
stabilizer]

The stabilizer area fraction f is calculated from following formula,

¢/0.0324J2AT2 + 6.72R2J AT - 0.18J AT
— C m C C

f (4.7)

18.66R?
m

._14_
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The strand diameter d is calculated from following formula;

2.69 /AT
d = 5 ? —O_ (4.8)
Rm f

4.2 Determination of TFC shape and its characteristics

Position of TFC inner leg defined at the center of the conductor, Ri,
is determined by the inner torus radial-build constraints. On the other
hand, position of outer leg, Ry, will be determined by a constraint of

toroidal field ripple ¢ at plasma edge, R, +a, namely,

P
i
_1 h—
N
_ ca N 1
R, = T RP*'a 5 + 1 (RP4-a) (4.9}
where N is a number of TF coils and ¢ is a correction coefficient.
By following the Princeton-D type coil shape(lﬁ),'the height of TFC bore
CT |, ,
hZ is given by
et - wr, k [Il(k) F L) + 2 J (4.10)
where
ro = /RIR; (4.11)
_ 1 Rg
k = 5 In (Rl) {(4.12)
In = modified Bessel function
L: = first order modified Struve function

Another characteristics for the Princeton D type coil such as the height
of coll straight section at the inner leg, hET the perimeter, QCT, the
coll area AST, and the inductance for a torus with Nt total turns, LC s

are given as,

hET = 27 ry k I3(K) (4.13)
cT :

Q.t = 2T Tq k[Ig(k) + I:(k)] (4.14)

AT = or £Z K[1,02K) - e K 1. (1) ] (4.15)
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2 1.2
cr Mo ro Ni k

L I E— [Tg(k) + 20:(k) + Ls(k)] (4.16)
The stored energy is
R O 4.17)

S 2 op

where Iop is the operaticnal current
In case of the actual design, the height of TF coil hz should be

determined by the vertical-build censtraints, that is,

for limiter configuration,

il
T
h = 2x + + + + — .
z (ka +8yq0 * A0pr, Foyspt Byyy Tovgap T 2 (4.18)
for single null divertor cenfiguration,
AT
= + + —=
b = €y 2 byso T Aypr HAysn T Avyy T hvgap T 2
AT
+ + + = .1
Ty aF Ao T hyp v M vyt vgap T 7 (4.19)
for double null divertor ceonfiguration,
AT
= + +A + = .
h, = 2x (&g a % b+ hypy +hygn thyyy thyeap ™ 7 ) (4.20)
where
AVSO : scrape-off thickness of upper edge or bottom edge plasma
AVBL : shield/blanket thickness at top and bottom
AVSD : shield thickness at top and bettom
AVVV : vaccum vessel thickness at top and bottom

AVgap: space between VV surface and inside He can of TFC

A :
Di . :
i point and bottom of divertor system

divertor thickness defined as a distance between null

The difference of the TFC height between the Princeton D shape and the

actual design shape, Ahz, is given as Ahz = hST - hz.

The height of actual coil straight section is set by, for convenient

sake,
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h, = h, - Ah_ . (45.21)

Then, three points are defined as A(Ry, hRIZ}’ B(rsp, hz/Z) and C(R;, 0)
on the upper half and TFC shape is determined by three-arc approxiamtions.
The inductance of the actual ceil is approximated by the following

correction,

L~ —*é—f — Lot (4.22)
A At

where A and Et are the coil area and perimeter of the actual designed coil,
respectively. The above correction fits fairly well the results of three

dimensional field calculation. The stored energy then is given by

L 1% (4.23)

4.3 Stress analysis
(1) Stress calculations of coil case

By the three-arc approximation, the centers of each arc, (xi1, z1)
{(x:, z2) and (x3, z3), their radii, A,, Ay, A; and their angles &,, 8, 83,
are determined automatically with giving either the first arc's angle 9. or
the radius A;. Then in~plane electromagnetic forces such as hoop force FH’

centering force F_, and vertical force FZ are given as

R

o . +6 2
YLy NI®«a, a8 91%52 Ug NIZ« A, db
47(x1+ A cosd) Jo, 41i{xs, + A, cosB)
i o NIZ+ A, 40 Lo NTZ
+ + x b (4.24)
&, 8, 4i{xs+ Az cosg) 47 Ry
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" £ A
91 Mg NI“ » A1 cos dB O1+02 Uy NI?+ A, cos8 48
FR = 2 +
4m{x,+ Ay cosB) g 4w+ Ay cosf)
0 L
T . 2 ' 2
Lo NI“+A; cosO d9 Lo NI
+ - x hz
- 4r(xg+ A3 cosO) 4T R,
o Uo NIZ « Ay sind d& 91492 o NT* « A, sinf db
F, = +
Ltu(xy + Ay cosi) o 4i(xs + A cosB)

g NI?+ A3 sinf dB

T(xy T
5146, 47T (x4 Az cosB)

(4.25)

(4.26)

where NI is the total ampere turns and N is the number of TF coils. The

centering force and vertical force are alsc given in analytical form such

as
A BZ
T Tmax
FR = 27| Ry +‘§f -Eag—ﬁ (¥ /m)
g NI® Rz
T

O the other hand, overturing force F, is given by

Y

(4.27)

{(4.28)

(4.29)

where B;Et is the initial-guess value of the poloidal field normal to the

current flow of TFC.
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The following stresses occur in the coil case and the bucking
cylinder.
(i) Outer ring
Tensile stress due teo the tension force and bending stress due to
the centering force at the upper and lower shoulders of inner leg.
(ii1) Tnner ring
Tensile stress due to the tension force and bending stress due to
the ocut-of-plane force
(iii) Side plate
Tensile stress due to the tensien force and bending stress due to
the out-of-plane force
(iv) Bucking cylinder
Compressive stress due tc the centering force
The principal stress of the coil case is shown below. The steel in

the winding is not counted in the TF Coil stress calculation.

T Fz )*TF z TF z
8
,1 - 8|1 6.3 6\1
I ﬁ‘ |/ ]
<y
&/
Side plate Quter ring Inner ring

The average inplane stress by inplane force is obtained by

A (4.30)
Ky ¢ factor (1.5 for FER)

where Acan is the coil case cross sectional area. The bending stress of
the outer ring by centering force and overturning force are given by the

following, respectively,

F b ¥V
. R
Ug; (outer ring) = Ky 5

(4,31
canl

o 19 —
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U3z (outer ring) =K; E_EX_—_ 1+ ~—E;E;—— {4.32)
canl canl

where

b =2f _Ri tan % (4.33)

Ky: factor (0.5 in FER)
Xy: factor {(0.75 in FER)

The bending stress of the inner ring by overturning force is given by

Ky F By
U3 (inner ring) = E__NZ 1 + 7——m (4.34)

can? AcanZ

K3: factor (0.5 in FER)
The bending stress of the side plate by overturning force is

Ky F_, A
_ Y TF (4.35)

It

O3 (side plate)
2

canj

where

= Ry tan (4.36)

1
rajo

=g

can3

Ky: factor (0.91 in FER)

(2) Constraints on stress intensity

We use the following data for yield strength Gy and tensile strength

gu of coil case materials;

l SUS304LN SUS3L6LN
Uy 765.2 MPa 861.2 MPa
Gu ‘ 1648.1 MPa 1378 MPa

Allowable stress intensity for primary membrane stress, Sm, is then

given by

) 2 1 }
= Min.<¢ = —= .
Sm in { 3 T, Uu (4.37)
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Constraints on stress intensity of TFC case is set by

1.5« %n
o, = —gg (4.38)
i
where 1 =1 represent the outer ring, i=2 inner ring and i=3 side plate.
SFi shows the safety factor. The coll case is determined to satisfy the

following criteria;

for outer ring, J: + T3z7 - T3p < Ual (4.39)

for inner ring, T3{inner ring) < Oaz {(4.40)

for gide plate, T1 + 03 (side plate) £ © (4.41)
a3

However actual overturning force is not clear until PFC system design is
carried out. When the poloidal field normal to the coil current flow, Bpn,
obtained by field calculations after magnet system design is larger than
the initial value B;gt, the above criteria Egs. (4.39) through {(4.41) are
reexamined. If one criterion at least would be violated, side plate of

the coil would be changed with adjusting the space factor f ., and the whole

calculations would be carried out

{3) Bucking cylinder
A bucking cyclinder is basically used for support system over center-—
ing force. Wedge suppert method is also considered for further studies.

Average compressive stress of bucking cylinder is given by

N FR
¢ {(bucking cvlinder} = —— (4.42)
c 21 A
BC
On the other hand, allowable stress of bucking cvlinder is
Sm
9 T ST (4.43)
and allowable buckling stress of bucking cylinder is given by
E x ABCZ
a a(Bucking cylinder) = - (4.44)
< 12(1-v%) x RBCZ
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where E is Young's modulus and v is Poisson's ratic. Hence, the thickness

of the bucking cylinder is determined to satisfy the following criteria,

. £ Min [an, Oca] . (4.46)
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5. Solencid coil design and PFC positioning

5.1 Conductor design of solenoid coils

In a present stage, we use the similar conductor to TFC cenductor
described in Sec. 4.1. Constraints of PF coils' design are the following;
(1) Maximum field of OH coil is 12 T.
(ii ) Operating current is 40 kA.
(iii ) Current density in conductor is 30 A/mm?.
(iv ) MaxXimum stress of conduit material is 600 MPa.
( v ) Maximum terminal voltage is 20 kV.
(vi ) Peak conductor temperature at dump mode is 100 K.
(vii) Superconducting material is NbzSn.
(vii ) Coil manufacturing process is "Wind and React".

Figure 3 shows the relation of the OH coil radius and the allowable
winding-pack current density as a function of total volt-seconds. Based
on the total volt-seconds of 50 Vs, the proposed winding-pack current

densities are about 28 A/mm? shown in Fig. 3.

5.2 Design of solencid coil

The end radius RSol and conductor thickness AP of solencid coils are
determined by Eqs. (3.1) and (3.2). The height of one turn solenoid plus
spport structure is set to cone meter. Since the space ratio of conductors
in solenoid coils is given as fps , cross section of one turn solenoid is
given by Ap X (fS X 1lm).

Here the coil is designed to be self-supporting for the hoop forces.
Namely the cross sectional area of the stainless steel conduit is chosen
assuming that each turn in the OH coil would be locally self-supporting.
Tensile stress of condult materials by hoop force is then calculated by
- A

B j_« (R
5 = Pmax “p sol P (5.1)

f

conduit area
¢ - (5.2)
conductor area
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5.3 Prohibition area on PFC positioning
In pesitioning of PF ceilis, prohibition regions are set by the
following;
1) not interfere to TFC case
ii) not interfere to access port
iii) not interfere to torus support/exhaust duct
) not interfere to guard limiter.
The prchibition region (i) is defined by the following: TFC shape
is given by three-arc approximation discribed in Sec. 4.3, the radii of which

are A1, A; and A;. We set the contour along TFC shape, the radii of which are

S1r
2

clearance gap. Then inside contour is defined as the prohibition area for

. _ + + .
given by A; + D, Az + D, A3 + D and D Acani Ahg where Ahg is a
(1). Another prchibition regions are defined on the X-Z coordinates, For
instance, the prohibition region (i) for the horizontal access port is
defined by

< < .
Zbottom - ZH - Ztop (5.3)

Rp e XH (5.4)

where, for single null

Loottom ~ Zp T Sy 2 T Ppiy T B (5.5)

ztop = zP + <, + AVSO + AAC (5.6)
for double null

ZtOp - —Zbottom " @ * ADiV + AAC .7

AAC is a clearance gap for access port.

The prohibition region (iii) is also defined by

Xinside < Xpx = Xoutside (5.8)

Zoy €~y @ (5.9)

where Xinside = GN Rp + AExh - Aleg (6,.10)
Xoutside Y Rp * AExh + Aleg .10
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AExh is specified as a distance between null point and the center line
of exhaust duct, and &Ieg is also specified as a space for exhaust duct
and supporting leg. PFC colls are set auteomatically to avoid these
prohibition regions

The divertor coils will be set on the extented line connecting the
nuil point and plasma center.

The cross section of EF coils are given initiaily. However, as

discussed in Sec. 7, they are solved consistently with conductor design

constraints and operation scenario.
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6. Plasma equilibrium calculations

The free-houndary toroidal MHD equilibrium code ”EQUCIR”(ls) has hbeen
used in this design code to evaluate the currents in the poloidal field
coils that maintain given plasma shape and plasma parameters. Plasma
shape is defined by a magnetic surface having a 95 % flux. For a desired

plasma shape, averaged elongation and triangularity, & and §, magnetic

null points (R, Z, )} are given by the feollowing relations,
P N g g

RN = Rp - 5N a , ZN = Zp (;) KN a . (6.1)
where

kg = 1.2 K- 0.13 , 8, = 1.52 3 - 0.085 (6.2)
K = % and g = § for double null configuration, on the other hand E = 1,2 B
and 8 = 1.4 & for single null configulation. Z, is a distance between TFC

P
midplane and plasma axis. These relations are based on our experiences

on plasma equilibrium studies. If the obtained plasma shape will differ
from the desired shape largely, the results will be omitted from a scope.
Optimization for the external coil currents and their positioning is not
carried out in the code.

The coil currents In may be described as a linear function of wp and
Ip such as In = Cl,n wp + (Cz,4n Bp + Cg,n)Ip. So, current patterns with
wp can be obtained by calculating the coil currents of at least two wp
under constant Ip and Bp. We determine the current patterns for two

phases, namely burning phase and ramp..up phase, as the following form,

burn _ ,burn burn
coil (n) f An UrJp + Bn (6.3)
ramp _ ,ramp ramp
coil (W = AT vy T B (6.4)
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7. Operation scenario

7.1 Required volt second

Operation scenaric is one of important design driver to determine
not only reactor size but also reactor's capability. Considering that
fhere is a variety of operation scenarics to be chosen such as full-inductive
operation, non-inductive ramp-up, quasi-steady state operation, heating
method, current ramp-up method and so on, it is very tough to select a
single operatien scenario., In this code, we only consider one aspect of
operation scenario, that is, a required volt second. Reactor's capability
is not discussed.

As discussed in Section 3.1, a necessary volt second A has to be
given initially to determine the inner terus radial-build.
(1) Case of full inductive operation

In this case, we estimate the necessary volt second from Ejima’s

emperical law, that is,

4o = QEjima N q‘)ex * ¢burn (7.1)
- -8
®Ejima = 1,35 % 10 RpIp (7.2
Cox = g (fn 8A—2)RpIp (7.3)
Z r
Gyypn = 2-092 x 1073 eff B g g (7.4)
u KazTel'S PD

where tB is burn time. Schematic drawing of full inductive pulsed cpera-
tion 1s shown in Fig. 4. There are five phases in an operation, namely,
plasma break-down, joule heating, additional heéting, burning and shut down.

One turn voltage in plasma break-down Vbd ahd break-down time (t, -t;) will

3
be specified in typicaly 30~ 50 V and 15 m sec, respectively. 1In joule
heating and additional heating phases, current ramp-up speed ip is
specified based on experimental data so that cne turn veltage in these

phases 1s given by a sum of Lp ip and Rp I

{2) Case of none inductive current ramp up
In this scenario, plasma current is raised by RF or NBI current drive

and OH flux 1s consumed mainly in burning phase. Hence, a necessary volt*
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second AP is given as

A o= o + ¢ (7.5;

ign burn

where ¢. is a required flux during ignition approach phase, Fig. 5

ign
shows a schematic drawing of this operation. If OH assist during plasma

break down is accounted, the additional volt second will he required.

7.2 Consistency of PFC system
Initial determination of the reactor size greatly depends on the

value fE in Eq. (3.1). Being strict about the velt second required

from therperation scenario, the end radius of the solenoid coils will
be adjusted consistently with conducter design constraints. From
equilibrium calculations, patterns of the PFC coil currents are obtained.
The maximum current at the sclencid coils is limited from allowable
maximum magnetic field. The field calculations with current PFC con-

figulation is carried out in the code and the magnetic flux at the swing

i d . . .

end, wsw1ng e s 18 found by constraint of maximum field at the solenoid
. P . . burn start
coils. Then the magnetic flux at the start of burning, wp is
obtained by wburn start . w;w1ng end + ¢ . By similar process follow-
P swing start burn

ing operation scenario, wp 5 is obtained retroactively. Magnetic
field at the solencid coils is reexamined at each @ . If the available
flux swing, Y = }w§w1ng start _ {;w1ng endl, satisfies the required

volt second A¢, there is no further chage of the radial-build. Bowever,
if A¢av is too small or too large compared with A¢, either fEQ or bore

of solenoid coils is adjusted and full calculations are done again. If
Ag

the maximum field cecnstraints, the cross sectional area of the ceils will

o Ad, but the maximum field generated at the other EF coils exceed

be changed and equilibrium calculations are repeated. In these processes,

PFC system is designed consistently with the cperation scenario.

7.3 Censistency of TFC design

After PFC system and their currents pattern are fixed, actual
overturning force on the toroidal coils are evaluated with field
calculations, If the actual poloidal magnetic field nermal tc the

current direction of TFC, Bzit, would exceed greately over the initial

int .
Bpn’ the side plate thickness of TFC case may not be encugh for bending
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and tensile stress against the overturing force. In this case, the

thickness of the side plate and the space facter ftS of TFC can be

changed for the recalculation of radial-build.
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8. Electric power supply estimations

The major part of the magnetic fieid should be supplied from the
SC coils. The accumulated capacity of the poloidzl field coil power
supplies is dominant to compare with that of the toroidal field coil
power suppiies. Hence, the system study may be concentrated to the

former.

8.1 Poloidal field coill power supply

The poloidal field system has many coils and these coils have
mutual coupling, The power demand in the ramp-up phase is larger than
that in the burn phase. Hence, it may be assumed that the poloidal field
erniergy is stored in the flywheels and the power is suppiied through the
motor—-generator system.

To evaluate the capacity, it is necessary to estimate the required
voltage for each coil. Then, censidering the circuit configuration, the
required power from each coil is calculated.

(1) Terminal voltage of PF coils

To evaluate the required voltage from each coil, its current I(t)
and the mutual inductance M(1,j) are prepared from the poleoidal field
design. Plasma current 1s assumed to be one turn coil.

The cecil voltage for the j-th coil E,, 1is given by,

dj

. y My BT /Bt + R, (8.1)
where Rj is the resistance component. Alk/At is determined by the
operation scenario.

Probably the required voltage is high enough in the first break down
phase. Hence, DC power supply voltage may strongly depend on this voltage
generation circuit
(2) DC power supply

A DC power supply is composed of the two parts, i.e., convertor and
transformer, To evaluate its voltage, it I1s necessary to consider the
circuit configuration, i.e., a first commutating switch is applied or
net, and a convertor is conventicnal, bidirectional or a mixed type.

1) Convertor

The capacity of the j-th coil Pj is given by
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= . 1 + .

Pj Edj max Ij max( 8 (8.2)
where suffix "max" means the maximum value. ¢ is the circulating current
factor which is evaluated to be 0.1~ (.15 in the bi-directional type and
replaced with zero in the conventional type.

2} Transformer

The capacity of the j-th power supply Uj is given by

U, =v2+«E ., I, (I +6) (8.3}
i 8] j max
with Ed- .
E . - ] - (8.4)
sJ Ky K2 cosa I S IR
L2 min = 2 3
where
Ky conversion factor (1.39: 12 phase rectifier)
K, voltage fluctuated factor (0.9)
a minimum controled phase (~20°)
max
IX reactance component (~0.1)
IR resistive component (~0.05)

Here, the value in the brackets is a typical value,

When the required current is Ij, the apparent power is given by

I, + ¢ I,
vt ay, i max (8.5)

h| h| Ij max(l + &)

3) System capacity
It is necessary to consider the positive component and negative
component in the bi-directicnal type. Hence the accumualted convertor

capacity P is
P =) P, + ) P. 8.6
EJ@EJ@ (8-6)
and the transformer capacity U is

U=EUj® +2Uj© (8.7)
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where suffix & or & means the positive or the negative component.

The effective power of the jth ceil is evaluated by pj = Edj . Ij

and there required energy is given

T
E, = J P, dt (8.8)

J T
p

where Tp is precharging time and T is cperation time. The flywheel

capacity E is assumed to be

E =) E (8.9)

8.2 Toroidal field coil power supply

The toroidal coil may be charged slow enough {(~hours). Hence the
required voltage is several tens volts per coil and the power may be
several MW. This power is supplied from utility line.

The capacity of power supply PT is evaluated to be

Py = B /T (8.10)

where ET is the stored energy and T is the charging time for the energy.

8.3 Heating and current drive

The system efficiency n is supposed to be given by
n=7z N e /(L4 ns)

where N2 coupling efficiency
N3 power transfer efficiency

Ny conversion efficiency from DC power tc RF or NB
{incl. neutralization etc.)

Ns input power correction factor

The required power for heating cor current drive P is given from the plasma

design. Then, the RF or NB source capacity PO can be expressed as,
PO =P/nz Ma N
and input power Pi is estimated by

Pi =P(I +ns) / nz na Ny
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9, Cost estimations

The cost estimation is carried out in the form of relative cost
comparison. This is useful to show the cost tendancy due to the design
change, éspecially in the early design stage.

A simple equation shown below is sufficient to estimate the relative

cost among the studied machine types. The equation is

_\ Ni
Al.} (9.1)

Ari

Y :
C—LCTI*(

where Cri, Ari, Ai, and Ni are the cost fraction of the ith item of the
reference, the index of the ith item of the reference, that of a sample,
and the value chosen from 0.5 to 1.0 suitable to each component, respec—
tively.

It is important to select components, the costs of which behave
independently of each other to the given conditions., The index representing
the component should be flexible enough to respond to the change.through
the design progress. The developed system integration, and its typical
indexes of two kinds each are summarized in Table 1.

The cost fraction for each component should be arranged initically
as the reference. The indexes are able to be selected corresponding to

the design condition at the time.
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10. Example of results

We show a set of results for an example reactor. Major system
quantities are obtained in the code, such as plasma parameters, geomet-
rical parameters, toroidal and poloidal field coil system quarities,
required heating power, and so on. In addition, figures of major system
quantities are available. Here, we show these figures. Figure 6 ~ 17
show the radial build, vertical build, inplane structure, total ampere-
turn of poloidal field coil system as a function of supplied flux Y to
the plasma, current pattern of each poloidal field coil at ¢ = =20 V-5,
poloidal field coil current as a function of flux at high beta, equi-
heating power contour in n-T plane to obtain the required heating power,
inplane force pattern on TF coils, over-turning force pattern on TF ceils
at the time of start of burn, plasma equilibrium configuration at high

beta, and field pattern of extermal field coils, respectively.
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10. Example of results

We show a set of results for an example reactor. Major system
quantities are obtained in the code, such as plasma parameters, geomet-
rical parameters, toroidal and poloidal field coil system quarities,
required heating power, and so on. In addition, figures of major system
quantities are available. Here, we show these figures. Figure 6 ~ 17
show the radial build, wvertical build, inplane structure, total ampere-
turn of poleoidal field coil system as a function of supplied flux ¢ to
the plasma, current pattern of each poloidal field coil at ¢y = =20 V-§,
poloidal field coil current as a function of flux at high beta, equi-
heating power contour in n-T plane to obtain the required heating power,
inplane force pattern on TF coils, over-turning force pattern on TF coils
at the time of start of burn, plasma equilibrium configuration at high

beta, and field pattern of external field coils, respectively.
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Tabla 1 System Integration and Indexes
NO. COMPONENTS Cri ) INDEX A
(%) 1 2
1 REACTOR STRUCTURE 16 Rak VALUE WEIGHT
2 TF COIL 13 ENERGY AT.km
3 PF COIL 9 ENERGY = AT.km
4 COIL SUPPORT 3 ENERGY WEIGHT
5 REACTOR ASSEMBLY 8 WEIGHT COMPLEXITY
6 TRITIUM/FUEL/ 4 FUSION QUANTITY
PUMPING SYSTEM OUTPUT
7 MAINTENANCE/ 3 WEIGHT COMPLEXITY
REPAIRING SYSTEM :
8 CCQOLING SYSTEM 2 HEAT QUANTITY
: LOAD
9 REFRIGERATICN 4 HEAT QUANTITY
SYSTEM LOAD -
10 HEATING/CURRENT 16 POWER QUANTITY
DRIVE SYSTEM :
11 TF COIL P.S. 1 ENERGY CAPACITY
12 PF COIL P.S. 5 ENERGY CAPACITY
13 HEATING P.S. 1 POWER QUANTITY
14 INSTRUMENTATION/ 6 — —
- CONTROL SYSTEM
15 BUILDINGS/ 9 AREA CAPACITY
FACILITIES
(TCTAL) 100
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RADIAL BUILD
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INFPLANE STRUCTURE
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Fig. 8 Inplane structure
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Fig. 9 Total PFC current as a function of 4
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PFC CURRENT RS A FUNCTION OF PSI (HIGH BETA
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[NPLANE FORCE OF T.F.C.
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Fig. 13 Inplane force of Troidal field coils
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