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SUPERCOIL is a model for the self-consistent layout of ignited
tokamaks with superconducting TF coils and a normal-conducting
or superconducting OH transformer. The main components involved
are the plasma, the TF system and the OH transformer. The model
takes into account all physical, technical and geometrical con-
straints relevant to the basic layout of a tokamak. Among the
solutions of the basic equations that meet all constraints the
one optimized with respect to a prescribed figure of merit is
determined. The paper contains the full set of model equations
and a description of the solution method. The validity of the

model is assessed by applying it to the present INTOR Tayout.




CONTENTS

I Introduction
2 Description of Model
2l Geometry

Basic Equations

Geometric Relations

Plasma-related Quantities

Toroidal Field System

Computation of the Central Support Cylinder
Normal-conducting OH Transformer
Superconducting OH Transformer

Figure of Merit

ST O G ST I T ST R XY
W NN NN N NN NN
N O R W N —

Constraints and Optimization

. ITlustrative Example




| P INTRODUCTION

SUPERCOIL is a model for the self-consistent layout of ignited
tokamaks with superconducting TF coils and a normal-conducting or
superconducting OH transformer. It was developed from the NORMCOIL
layout model for normal-conducting tokamaks, and hence the underlying
philosophy is the same.(1) This philosophy is based on the observation
that in practice the layout of a tokamak is largely determined by
performance objectives and the specific design characteristics

of the particular system. Typical performance objectives of an
ignited tokamak are, for instance, its ignition margin, the minimum
wall load or the minimum neutron fluence. Typical design options

are the heating or maintenance concept. Formally such objectives

or specifications enter as constraints that have to be.met when
solving the underlying model equations. In SUPERCOIL, in a certain
sense, only such constraints enter as input. Quantities such as the
plasma radius, the magnetic field at the coils, etc. are only pre-
scribed if desired. Of the solutions of the model that meet all con-
straints the one that minimizes or maximizes a prescribed figure of
merit is selected. A specific feature of the solution method used

in SUPERCOIL is that the basic model equations are always solved in
the same order, irrespective of the constraints and figure of merit
under consideration. Maximum flexibility is thus achieved as to the

implementation of different constraints and figures of merit.

The main components involved in SUPERCOIL are the plasma, the TF
coil system and the OH transformer. The interaction of these compo-

nents governs the basic layout features of a tokamak. For the OH trans-



former both a normal-conducting and a superconducting option are

provided.

The general arrangement of the main components is described in Sec. 2.1.
The next section presents the basic model equations. The solution
method is described in Sec. 2.3 in greater detail. This section also
contains a description of the constraints that are taken into account.
The validity of the model is checked in Sec. 2.4 by applying it to

the present INTOR layout point.

&s DESCRIPTION OF MODEL

2:1 Geometry

The anlysis is based on tape-wound D-coil systems as shown in Fig. 1.
The plasma is centred at R0 (plasma major radius). The elongated
plasma cross-section is characterized by the minor radius a and the
plasma elongation s. The plasma is surrounded by a scrape-off layer

of thickness %, a vessel of thickness u and a shielding of thickness D.
A blanket of thickness DBlrand 082 is provided at the inner and outer

sides respectively.

The D-coil is characterized by the minimum and maximum distances
of the centre line from the torus axis, R] and R2 respectively, and

by the coil thickness A. § is the sum of the thermal insulation and

coil casing thickness.

The coils are tapered in the inner coil region in order to make
optimum use of the limited area in this region. A common cryostat

is assumed for the whole TF system.




The toroidal field coils are supported by the central support cylinder
of thickness t] (see Fig. 2). The ohmic heating coil has a thickness At

and a radius ROH as shown in Fig. 2.

There are further important geometrical parameters, namely g, AR

and d, of which g and AR are visualized in Fig. 1. The parameter g
characterizes the horizontal bore available for the installation of, for
instance, a poloidal divertor. AR characterizes the horizontal bore.

The parameter d* is the bore between two coils in the equatorial plane
(see Fig. 3). d=d*-2 D gives the free space available for beam ducts etc.
Depending on the specific system under consideration, lTower limits gm,

AR™ and d™ exist for the quantities g, AR and d.

2l Basic Equations

The following set of equations forms the central part of the model. They
can be evaluated in the given order, once the first two groups of pa-
rameters of Table I are given. The relations are only commented on if

necessary. All units are mksa units if not otherwise stated.

2.2.1 Geometric Relations

a*=als (1)
(radius of an equivalent circular plasma)
R0 =aaA (2)

(plasma major radius)

V= 2n® a*f R (3)

(plasma volume)




Ry =R, -a-2-D=-u-DB - &=~ /2 (4)
(see Fig. 1)
2 m(R, + a+ & + u) d
d* - 0 + =+ d (5)
N I I 2
d d

d® " is the miminum horizontal distance (in the equatorial plane) between
two TF coils, such that a module of an N times I, (Id = Ly g see)
segmented blanket can be moved radially outward (maintenance con-
ditions, see Fig. 3). The constants d, and d2 can be used to take into
account off-horizontal plane effects. They have to be calibrated
according to the specific situation. Typically the second and third terms

in eq. (5) are minor corrections.

d¥ = max{ d*, " +20]} (6)

dz is the minimum distance between two coils such that the maintenance
condition and the condition d z_dm are fulfilled. Note that the shielding

in the space between two coils is also assumed to be of thickness D.

hy=sa+2+D+u+DB,sg" (7)

h, is the minimum value of the coil height h such that g > g™ holds

(see Fig. 1).

_ m
R20 = R0 +a+2+u+D+ 082 + 6+ AR+ A2 (8)

R,o is the minimum value of R, such that AR > AR"™ holds.

' (d + 28) N :
R 20 = R] + A+ 8 e e (9)
R'20 is the minimum value of R2 such that the maintenance condition

and the condition d > d" are fulfilled.




Ra0

<Ry ( (125.686 + (hy + 6 + A/2) 29.907/R,)°"°
- 10.1038) (10)

R;‘ is the minimum value of R, such that g > gm holds. See also eq. (13).
0

| - 1 it
Ry = max { Ryg» Rigs Rpg J (11)
Ré is the minimum value of R2 such that the constraints g 3_gm,
AR E_ARW, d Z_dm and the maintenance conditions are met.
Ry = Ry + Y (12)
Y is an auxiliary quantity which is always positive. Its role is
explained in Sec. 2.3.
_ -2 2 -1
- 0.78911) - A/2 -6 (13)
This is a polynominal fit of an analytical expression given in Ref. 8.

The inverse relation was used in eq. (10).

g=h-sa-2-u-DB,- D ; (14)
(see Fig. 1)

2w (Ry = Ry - 8 -A)
i N

d

= 2 D=8 (15)

(horizontal bore for beam ducts etc.)

MR = Ry = Ryg + AR™ (16)
(see Fig. 1)

Equations (14), (15) and (16) give the actual values of the quantities g,

d and AR respectively.



R=R +a (17)

15 n _
2 RR(Ry/R.=1) " (Ry=R.p )

N ((R,-R)Z + (nry/20) %) 107

elg] = 5.4x%10

= Nz(]-R/RZ)R/Rz

n244 N2(1-R/R2)2 (18)

e is the field ripple at point R.(3) The ripple definition used

is € =200 (B_._ -B

max min)/(B + B

—_— min). For definition of p,

see eq. (34).

2.2.2 Plasma-related Quantities
B, = 0.12 s/A (19)

Bt is the volume-averaged toroidal beta (useful part). This scaling of
Bf is widely accepted for not too strong elongation (s < 2.0) and not

too low aspect ratios (A > 2.5).

0 C 1/4
By = () (20)
Bt a

Equation (20) is the ignition condition for a plasma which is dominated
by anomalous electron heat conduction of the ALCATOR type. ALCATOR type
losses typically dominate neoclassical ion heat conduction, except for
rather highdensities. Bremsstrahlung losses can typically be neglected,
provided that the working point is not located too far into the ignition
regime (transport-dominated system). In this approximation the
ignition condition simplifies to Qa - Q]oss > 0, where Qa is the

a-heating term and Q]oss the transport loss term in the energy balance.




=il

With Qu~ BZ B2 4 £(T) and 01455~ T/2%7 it then follows that ignition
requires that BE Bg : a*z‘z C, where C can be taken as constant, if one
assumes that the working temperature is close to the minimum of T/f(T).
The constant C measures the safety of ignition, a value of C =~ 1.8
corresponding to marginal ignition. Other transport models can easily
be implemented. Confinement to ALCATOR scaling is useful to allow com-
parison with systems such as FED and INTOR, which have been studied in

detail on the basis of this model.

pe M m™>] = 2.0 BZ B (21)

Using this approximation for the fusion power density Pes it is assumed
that T lies in the range where <ov>~¢215 valid for the D-T reaction
parameter. This is typically compatible with the assumption for T in
the derivation of eq. (20). The factor of proportionality in eq. (21)
depends on both the T and n profiles. The value of 2.0 can be achieved
by moderately peaked T and nearly flat n-profiles. Even higher values
could be obtained if the n-profiles were more peaked in large tokamaks

than predicted by current transport codes.

Pe [MH] = V pg (22)

(fusion power)

P, [MWl = 0.2 P, (23)
(a-power)
-2 a)i2
N [Mdm~] =0.4p (24)
L f a® (1 +s)/(2s ]/2) + 8

(mean neutron wall load)
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Nn Ttot

We , [MAy m 9= (25)
int 3.154 x 10’

(integral wall Toad)

This equation is used to determine wint L Tiot 1S explicitely pre-

scribed as an input parameter. Otherwise Tiot is determined by the

relation
Tyor = 3-154 x 107 W /N (26)
fp = 4427 x 107 ¢, N e714:00D (27)

(neutron dose behind the shielding)

6

T [91=1.779 x 107° P o, . (28)

(total tritium consumption)

0 _x2
n 2mBy a ¥ Bl (29)
p uoq(a) R0 25
(pTasma current)
2. =1 (30)

(internal plasma inductance per unit length in units of

o Ro/?

Ly = 1y Ry (an (8 Ro/a") = 28 1:12) (31)

(plasma inductance )

= f I (32)

)
s Lp p

VS is the total required OH flux swing. Resistive losses are

estimated by taking f>1.
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2.2.3 Toroidal Field System

The calculation model of the TF coil system is based on the theory of
"real D" coil systems - including the segmentation of the toroidal coil
system - and on the stability and discharge criteria of cryogenically
stabilized superconducting magnets.(4’ %) The principles of the TF cal-

culation model are described in Ref. 6.

The radius of curvature £ at R = R2 of the coil centre line is deter-

mined by the equation

Ri/Ry = 1= (1.984 + 4.336/N) (p,/R)+ (1.897 + 8.864/N)
(Pp/Ry)% = (1.048 + 7.392/N) (p,/Ry)® + (0.271 + 2.416/N)
(Po/R)". | (33)

In practice eq. (33) is solved by iteration.

ho = (2mR) - NB)/2mR, (34)

(filling factor including the casing thickness B)

K=?2(1+I)+] gn—zfliz—- (35)

(coil parameter)

For "ideal D" coil systems the parameter K is given by the formu]a(7)

K =5 (gd). (36)

Equation (36) can be taken as an approximation for eq. (35), when



= T

the equations of this section are used for calculations "by hand" and
a solution of eq. (33) is not readily available.

2

F = dr°keK [KIG(K) + (K-1)T;(K)T Ry (Ry+4/2)° (37)

("specific magnet volume" (8)). Io and I] are modified Bessel functions

of zero and first order respectively.

j;n[m—zl = %,% (]-E-SA) (38)

(average neutron dose)

¥nis the neutron dose behind the shielding according to eq. (27).

0
By Ro

“n “R¥a72 (39}

(maximum magnetic field at the inner winding edge R1 +A/2)

Cu _ -10 -9 ~23=
fo = (2+0.188,) 1077 + 4.4 x 107 [1- exp (-2.8 x 1072 )]
(40)
oM = 10710 4+ 9.4 x 10 [1- exp (-2.8 x 1073 F )1 (41)
e

fgu and j>2] are the specific resistivities of copper and aluminium,

respectively, at liquid He temperatures. For copper a mean value for

the magneto-resistivity (averaged over the total coil volume) is included
by the term 0.18 x 10710 B, - The magneto-resistivity of aluminium

does not follow the Kohler ru]e.(g) The influence of the magnetic field
on fﬂ] is taken into account by a constant value. The increase of
resistivity due to neutron irradiation is given by the last terms of eqs.

(40) and (41). The use of copper or aluminium as stabilizer is optional

in the code.




L 2%

Cgu [A2 S ./l m4] =5 x 106(95“4-5 X 10]5 (42)

("material function" for copper)

ey’ 1A% /"1 = 1.66 x 108/pM1+ 2.44 x 10" (43)
("material function" for aluminium)

Cgu and Cﬁl follow from safety discharge ana]ysis.(S) A maximum
temperature of the conductor of 50 K after a safety discharge is
anticipated in eqs. (42) and (43).
2
Fsg
B2
2. 0.8, 0.67 ( A .
Alm®s "%/kg"® =50 7_Cow“q2r|2r2) (44)

(" stability parameter").

¥'is the wetting parameter {fraction of the conductor surface which is
in direct contact with the coolant). The parameter h is defined by
h = i

PC/ Ast’ whgre PC and Ast are the perimeter of the conductor and
the cross-sectional area of the stabilizer. In the program h and ¥ are

combined to a single input parameter Hg = Yh.

I _ 0.66 x 10'° [1—(T/91?] (4 < n ] 45
< B A -(79)2 i
5 (1-(179)%)

(critical current density for NbTi)

B
11 _ 4 x 1010 [1-(1/18)% 2 L __m 2 .
I 7%, 17 2 . 7] (46)
(0.2 (1-1/18)% + 17 76" 36[1-(1/18)%]

(critical current density for Nb,Sn)
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jilII is the critical current density at the coil centre, where a
magnetic field value of B = %—Bm is taken. The value of %—Bm follows
from our assumption that the winding is subdivided into three parts;
each section is designed with its own conductor adapted to the corre-
sponding magnetic field values. The conductor for the inner section is

designed for B = Bm’ that for the central section for B = %- B and

m
that for the outer section for B = %-Bm. The choice of NbTi and NbBSn
is optional to the code.
107 K ¢ (R, + a/2)°
o= (47)

o is the mechanical tensile stress for D-coils. CF takes into account
local stress enhancement caused,fbr instance, by the support structure
etc. From finite element calculations a value of CF = 1.3 seems to be
adequate. (6) Q]_is the filling factor including the cooling ducts and
electrical insulation in the coil winding.

_ §
E, = 3.978 x 10° F B (48)

(stored magnetic energy)

gd.0mx1000- oA s (;HZ“_B._)Z. (49)
m ‘r——————*‘ﬂ =(T/9

(B + ABL) 2
g1 2.2x10 - (me) 14 m (50)

]
" 10.2 0-1/18)7 + 1¥\(B_waB,)  2401-(1/18)°]

| 11
J and Jm

- are the minimum critical current densities at the inner coil

edge (R = Ry + A/2) in the case of NbTi and NbsSn respectively. The con-
ductor is exposed there to the maximum toroidal field Bm and a field

AB, produced by the poloidal field coils. With egs. (49) and (50)




=

auxiliary quantities are introduced to avoid violating superconducting

critical parameter values (see Sec. 2.3).

. . 0.4
a=JcB," g (51)

« 1s the average ratio of the cross-sectional area between stabij-

lizer and superconductor.

4 x 1077wy, p, Ry 8§,
Bm (R] + A2)

B

- a-1 (52)

B is the average ratio of the cross-sectional area between rein-
forcing material and superconductor.

(R] +42) . J.- K- B

2(ESc +ao Est + B Er)

e . (53)

(strain on the coil winding)

Equation (53) relates the strain on the coil winding (composite conductor:
superconductor, stabilizer, reinforcing material) to the Young's moduli

ESC (superconductor), Est (stabilizer) and Er (reinforcing material).

The preceding equations describe the following layout procedures for

a TF coil. First the amount of stabilizer is calculated. Then the amount
of reinforcing material is determined under the condition that the total
winding area not covered with stabilizing material is filled with reinfor-
cing material. Then the strain value is calculated with eq. (53), and the
value obtained is compared with the maximum allowable value. A solution
is found if the calculated strain value is smaller than the maximum

allowable strain, as will be discussed in Sec. 2.3.



A (g

gt = ol (54)

(current density averaged over the stabilizer cross-sectional area)

dy=3 /(1 +a +8) (55)

(average current density in the coil winding)

Iy = (CV/En) O (@ WY7g)08 (56)

(optimum conductor current)

v, =4 1°gp, RE K e A (k) + 1,(K) (57)

(total volume of the winding material)

Voo = V,/(1 + ot B) (58)

(total volume of the superconductor)

Mse = fsc Vsc (59)

(total mass of the superconductor)

Vo = g (60)

(total volume of the stabilizer)

Mt = fst Vst (61)
(total mass of the stabilizer)

Ve = B Vg (62)

(total volume of the reinforcing material)

Me = 0r Yy (63)
(total mass of the reinforcing material)
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K
Vca = 41 Ke R]B (2n92R1+NA) (IO+I]) (64)

(volume of the coil casing)

Mea = Pea Vea (65)
(mass of the coil casing)

- . 0.5
3 = [I (1+a)/j] (66)
(@ is the effective conductor width, assuming a conductor with square

cross-section)

4 Bo+Bm/2
Nh = VSC §_1T JO BO df an (_E;_—_) (67)
(hysteresis losses for coil excitation). J, and B0 are constants and

df is the diameter of a superconducting filament. For NbTi and a cooling

temperature of T~ 4K the values Jo and B0 are about 10]0 A/m2 and 1 T

respectively.

F B2 32
P =

e,c st 120 (68)
Pé‘c are the eddy current losses of the conductor produced by

a change of the magnetic field component directed perpendicular to the

conductor axis at a rate B, .

. B,2 a2

e,c st Sﬂfb (69)

P e.c are the eddy current losses of the conductor produced by a change
?

of the parallel magnetic field component at a rate f3..T



= i =

Pi-:'z,vsc B (%%)2 [0.5 + an Vﬁi%il)](gg (70)

(coupling losses produced by B,)

Equation (70)was obtained on the assumption that the volume of the
conductor core (superconducting filaments plus small amount of stabi-

lizer) is twice the volume of the superconductor. zp is the twist length
of the superconducting filaments.

' s
_ 5.2 B~ .2
P = 27 VSC v a (7])

c
30 )
(coupling losses produced by B..)

The above treatment of the conductor a.c. losses is based on Ref. 10.

K
L, = 2n Ry Ke® [I(K) + 1;(K)] (72)

(circumference of a toroidal D—coi1(8) )

d., = (21 Ry a/N)0+d (73)

(effective width of the coil casing)

Sy=h, 2Ry B/ (74)

(cross-sectional area of the winding)

Lca = 2 ( A+2 TTR]/N) (75)

(circumference of the coil casing)

2
i 3 5 -
Pe,ca =B dca Bs L0 N/( G.Pe,ca) (76)
.2 T | '
Pe,ca = B Sw B..LON/(.LCa fe,ca) (77)

Equations (76) and (77) give the eddy current losses in the coil casing,

fe,ca is the specific resistivity of the casing material.
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2.2.4 Central Support Cylinder

RMsNC _ : !

cy = R] 'A/Z -6/2 (78) :
m’SC s _

R?;"C and R2§sc are the maximum radii of the central support cylinder in
the case of a normal-conducting and superconducting OH transformer

respectively. In eq. (78) we have assumed that half of the thermal insu- |
lation is inside and half outside the central support cylinder, and
that the central support cylinder is cooled down to Tiquid N, tempe-

rature. In the superconducting case a common cryostat is assumed for

TF coils and QH transformer.

The thickness t] of the central support cylinder is determined from

the "collapsing criterium" of cylinders, which relates the maximum

allowable external pressure to the maximum allowable stress o (1)

cy’
2 7 m
: t
s Loy ! (80)
™ m m _ m _
y Oby(Rcy t1/2) (Rcy t,/2).

Equation (80) is solved iteratively to determine t,. Unlike other
constraints, eq. (80) always assigns to t] the smallest value compatible
with the stress limit. This can be done without loss of generality
since obviously for any reasonable figure of merit a support cylinder

which is thicker than necessary is less favourable (internal optimization).

v =41r2

- R" - t,/2) t; Ry K e 1,(K) (81)

cy



= o

- 82
Ney = fey vc_y (82)

(mass of the support cylinder)

2.2.5 Normal-conducting OH Transformer

To take into account the core constraint, the coupling of the OH coil
to the plasma ring has to be considered. Figure 2 shows the OH coil

arrangement and the notations used.

m .
(maximum OH coil radius)
m
At = X Rgy (84)
is the thickness of the OH coil. X is an auxiliary quantity which
is self-consistently determined with respect to the OH transformer

constraints (see Sec. 2.3).

P m =
Roy = Roy = 0.5 At (85)

(OH coil radius)

FI L
N
Bon 'A_TP' (86)

™ Ron

BOH is the field at the OH coil. Equation (86) is the approximate
transformer equation for the OH coil-plasma ring system. Equation (86)
is pessimistic in that contributions by the vertical field are

ignored.




L0 =

To reduce the resistive losses in a normal-conducting OH coil, it may
be appropriate to design the system so that a reduction of BOH from

its maximum value to a value close to zero already yields the required
flux. Since typically most of the OH flux is consumed during start-up,
BOH and hence the losses can thus be kept at a Tlow value during most
of the burn phase.This can be taken into account by giving A in eq. (86)
a value close to unity. The typical case where the BOH swing is twice

its maximum value is given by A = 2.
B
e = .o-OH
JoH © At (87)
(OH current density)

o (RSH + At2/4)‘

=B (88)
OH 2 U, At ROH

0H
(OH coil tensile stress)

The core constraint is established by imposing limits on jOH and ToH

(see Sec. 2.3).

2.2.6 Superconducting OH Transformer

m por- - -

RD =Ry - /2 -t (89)
(maximum OH coil radius)

Neglecting the thermal insulation thickness on the right-hand side

of eq. (89), we implicitly assume a common cryostat for TF coils and

OH transformer.

_ m
At = X Ry (90)

is the thickness of the OH coil. As to the quantity X the same remark

applies as in the normal-conducting case.
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I

(OH coil radius)

1 ol

Boy = 27 S

2m ROH
(field at the OH coil)

Cu -10

ooy = (2.0 +0.18 Byy) 10 (93)
Al _ L o-10
Pe,0n = 10 (94)
Cu Al

pe,OH and Pe . OH are the specific resistivities of copper and aluminium
respectively. Unlike in the resistivity formulas used in Sec. 2.2.3,

the influence of the neutron radiation is ignored.

1L 0.66 X 10" (1-19)%)"% . Boy ) o)
S50 Byl | 21 (1-(1/9)°)

14 x 100 (1-(1/18)%)2 2

OH
J =
¢O0H 0.2 (1- T/18)2 + 1)2 3142

) (96)

3% (1-(1/18)%)

(critical OH transformer current density for NbTi and NbSSn respectively)

B

10 25 1.9
ji,ou _0.58 x 1g/2 (1-(1/9)%) (1- OH —) (97)
By 14 (1-(T/9)
(minimum critical current density in a NbTi OH transformer).
oy B
dgon = 2.2 x 1010 - ]/2 0] =) (98)
! (0.2 (]-T/18) +1) By 24(1-(T/18)°)

(minimum critical current density in a Nbasn OH transformer).




- 22 -

Aoy = pg,OH / (& hy)° (99)

(stability parameter).

The difference between AOH and the stability parameter according to

eq. (44) is due to the restriction to cryogenically stabilized conductors
for the OH transformer. In this case the conductor current I0H has to be
given as an input parameter instead of its following self-consistently

from the safety discharge criterion.

. 1/3
s = I., A
on = 3¢ on Con Ao (100)

®oH is the average ratio of the cross-sectional area between stabilizer

and superconductor.

= 4n 1077 1 (101)

Bon c,0H At/Boy ~ gy -

BOH is the average ratio of the cross-sectional area between reinforcing
material and superconductor.

R 2 2
(Roy = At/2)° (RS, + Bt7/4) Bg,

& -
w,0H . 3
2u At Ry, (E. +a

(1 + oy BOH) (102)
oH Est * Bon Ey)
(strain in the OH coil winding).

Equation (102) is analogous to eq. (53) but applies to a cylindrical

coil.
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2.2.7 Figure of Merit

A rough cost estimate is used as a figure of merit for the optimization

procedure described below.

¢, [DM] = Cnag En” 10 (103)
(investment costs).
Equation (103) estimates the investment costs in terms of the stored

energy of the TF system.

¢ OMI = Cipit Te (1-R) (104)
(cost of the externally supplied tritium)

63 [M] = 3171 x 1078 0.05 Ty 0 /2 (105)

¢3 is an estimate of the cost for maintenance and repair, assuming 5 %

of the investment cost for maintenance and repair per year.

¢ =0 + 0y + 0 (106)
(total cost).

Estimated values have to be used for the specific costs Cmagn and Ctrit

as well as for the availability £ and the tritium breeding ratio R.
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2.3 Constraints and Optimization

In practice, several of the quantities yielded by the equations of the pre-
ceding section are subject to constraints, which stem from materials and tech-
nical limitations or are imposed by performance and design objectives. The

following constraints are involved in our model:

g>9 (107)
m
AR > ARV, (108)
m
d>d. (109)

Here gm, AR™ and d™ have the meanings outlined in Secs. 2.1 and 2.2.1.

g < ¢l
- (110)

m

g X o ()
e" is the maximum field ripple, while 53 gives the maximum allowable strain
in the superconducting windings (see egqs. (18) and (53)). The same value is

used for the layout of TF coils and a superconducting QH transformer.

The neutron dose (see eq. (27)) behind the shielding is limited by the

condition

gn < 2 x 102, (112).

This condition essentially determines the shielding thickness. The neutron

dose limitation results from the cryogenic stability criterion of the conductor.
The increase of the stabilizer resistivity during the l1ifetime of a TF coil

is thus limited to a value which keeps the reduction of the conductor current

below 10 %.




= 95 =

Jp2 1.5 x 108 (113)

jm is an auxiliary quantity defined by eqs. (49) and (50). Imposing the limit

according to eq.(113) on jm guarantees that critical parameter values of the

superconductor and the stability criterion are not violated.

In certain cases (material tests, blanket test modules) the wall load Nn

and the integral wall load Nint are subject to a Tower limit:

N, > Np s (114)
> m
Wint = Wing - (115)

The core constraint has to be treated in a different way in the normal-
conducting and superconducting QH transformer cases. In the normal-conduct-

ing case it is taken into account by requiring that

o
%H = “oH (116)
and
N .M N
Jon < Jou (117)

should hold, where GgH is the maximum tensile stress in the OH coils and
ng the maximum OH coil current density (see eqs. (87) and (88)). The pre-
scription of an upper limit for jOH allows for a crude treatment of the

cooling problem.
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For the superconducting OH transformer it is required that

€w,0H i*‘*m JAL)
and

] 5 x 10° | (119)
Jm,OH 2_1. X

should hold. Here €. OH is the strain in the OH transformer winding (see
eq. (102)). The role of eq. (119) for the OH transformer layout is

analogous to that of eq. (113) for the TF coil layout.

In general, the constraints do not determine a unique solution of the
basic equations. This means that generally for a wide range of input para-
meters a, A, Y, ... the basic equations can be solved while simultaneously
meeting the constraints according to egs. (110) to (119). (Note that the
conditions given by eqs. (5), (107), (108) and (109) are automatically met
through the evaluation of R, in Sec. 2.2). A unique solution is found by
determining that combination of input parameters that minimizes the

figure of merit P as given by eq. (106).

The optimization procedure runs as follows. The input parameters of the
second group in Table I are kept fixed throughout. They are not subject

to manipulations (such as q(a)) and/or have only a weak influence on relevant
quantities (such as %, B, §etc.). Intervals [a] 3,1, [A2 AZ]’ e s [G 62]
are given for the input parameters of the first group. The six-dimensional
space spanned by these intervals is covered with a six-dimensional equi-
distant grid. For each grid point the computer runs through eqs. (1) to

(106) of Sec. 2.2. Whenever the resulting § value is larger than the stored

one or if any of the constraints is violated, the results for this point are
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ignored and the computation is repeated for the next point. In the
opposite case the results for this grid point, including P and the values

for a, A, ..., C, are stored.

After the computation has been performed for all grid points, the stored
one is that yielding a solution with minimum @. Around this point a new grid
of smaller size is defined and the whole procedure is repeated. This pro-

cedure is iterated to the desired accuracy.

Owing to its discrete nature the coil number N requires a distinct treat-
ment. First the optimum solutions are determined as described above, N being
kept fixed. After repetition for all N with N, < 2N < N2, where N] and N2
are input parameters, the one that yields a minimum value for P is

selected and taken as final solution.

An additional comment has to be made about the determination of the quantity
X in eqs. (84) and (90). When the program enters the OH transformer calculation
for a certain grid point, both RgH and the OH flux swing are given. The only
remaining freedom in the OH transformer layout lies in the choice of ROH or,
equivalently, X. Whether the constraints according to egs. (116) and (111)
or (118) and (119) are met depends, apart from RgH and the OH flux, on the
proper choice of X. Therefore for each grid point the OH transformer con-
straints are verified in the whole range 0.01 < X < 1. If both constraints
are met for a certain value of X, the program proceeds with this value. If
no X value is found such that the constraints are met, the core constraint
is considered to be violated for the respective grid point and the com-

putation proceeds to the next grid point.
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If the input intervals [a1 a2], (A AZ]’ eie % L0 C2] are appropriately
chosen, the resulting values for a, A, ..., C, N should not coincide with
either of the boundaries. This, however, may be impossible if the range of
some variable is limited by physical or technical constraints or if the
minimum is always taken at the boundary of the respective quantity. Whether
this occurs or not depends on, apart from the variable, the whole set of
constraints. The ignition factor C, for instance, thus generally takes its
minimum value CI' except when Nﬂ is sufficiently high. Similarly, one finds
Y = 0, except when the ripple constraint requires higher R2 values than the
constraints given by egs. (5), (107), (108) and (109). For a specific case
under consideration it is, however, easy to decide what situation prevails.
Frequently, quantities such as C and Y can thus be explicitly prescribed.
The resulting reduction of the grid dimension considerably reduces the
computation time. The preceding discussion explains why Y was used as grid
variable in Sec. 2.2.1 instead of R,. It further shows that there is
basically no difference between the constraints discussed so far and the

upper and Tower grid values.

The number of grid points, the number of subsequent grids and the reduction

factor for the grid size can be prescribed as input parameters.

The number of grid points, and hence the computation time, strongly
increases with the grid dimension. A number of six variables practically
constitutes an upper limit. A typical run with maximum grid dimension,
yielding an accuracy of a few p.p.th., then requires less than 60s on a

CRAY I.




< 29 o

3. ILLUSTRATIVE EXAMPLE

As a check and for illustration we apply the SUPERCOIL model to the
present INTOR layout (12) by taking the INTOR data as input for the

code. The input data are listed in Table II.

The ignition margin was evaluated for the present INTOR layout on the
basis of the model involved in SUPERCOIL (see eq. (20)). The resulting

value was then taken as input.

The reference neutron wall Toad was determined by an analogous procedure
resulting in a value of 1.82 Mw/m2 instead of the INTOR value of
13 Mw/mz. The discrepancy is partly due to a more optimistic estimation
of the useful beta according to eq. (19) and partly due to a more
optimistic estimation of the fusion power density according to eq. (21).
To rescale to INTOR assumptions, quantities which are proportional to Pe

have to be divided by 1.4.

In Table III the main output data as given by SUPERCOIL are Tisted.
Obviously, the INTOR data are well reproduced. Further applications of
SUPERCOIL to INTOR-like systems are reported in Ref. 13.
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a, (m)
o
Y, (m)
D, (m)
b, (m)
£
]
a, (m)
A
¥, (m)
D, .(m)
8, (m)
€4
s
" (%)
" (m)
. (m)
AR" (m)
Nﬂ (MW/mz)
ant (MW Y/ m2)
2
ooy (N/m?)
e (N/m?)
3ok (a/m?)
8 (m)
£ (m)
u (m)
DB, (m)
DB, (m)
Table II

0.45
4.0
12

0.60

0.0

0.15
0.2
0.15
0.0
0.78

= 36

q(a)

w

(m)
(m)

(A)
)
(W/m?)

(K)

(8/m?)
(N/m?)
(N/mz)
(N/m?)
(m)
(m)
(m)
(T)
(T/s)
(T/s)
(s)

(DM/MJ)

(DM/g)

1.6
0.5

2.0 x 104
2.0 x 10

3.0 x 10

6.0 x 10'1

1.0 x 1011

2.0 x 1011

2.0 x 1011

0.05

2.0 x 107
0.15

0.5

0.1

0.1

0.3
0.6
1.0 x 105

7.0 x 10°

Complete 1ist of input parameters for an INTOR-like system
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Geometry

a (m) 1.22 plasma minor radius

A 4.27 aspect ratio

b ¢ (m) 6.25 x 10.2 see section 2.2.1

D (m) 0.769 shielding thickness

a (m) 0.877 coil thickness (without thermal insulation)

Ry (m) 2.28 inner coil radius

Ry (m) 12.0 outer coil radius

d (m) 2,74 see Fig. 3

Plasma

8] (T 5.39 field at axis

B, 4.50 x 1072 toroidal beta (volume average, useful part)

c 4.06 ignition margin (not normalized)

Pn (MW) 166 a-power

N, (w/m?)  1.82 neutron wall load

Wine (MW Y/mz) 6.49 neutron fluence

I, (H) 6.52 x 105 plasma current

Vg V) 115 OH flux swing

Toroidal Field System

By (T) 10.3 field at coil

K 8.35 x 107 coil parameter

o (Nlmz) 1.61 x 10° average mecharical stress in the winding

Ep (GJ) 49.4 stored magnetic energy (TF system)

i (A/mzi 4.26 x ‘lo9 critical current density in the superconductor
(Nb,ySn  at liquid helium temperature)

b {Almzl 1.17 x 10-"I average current density in the winding

a 1.20 x ‘It‘)2 average ratio of the cross section area between
stabilizer and superconductor (TF coil)

B 1.89 x 102 average ratio of the cross section area between
reinforcing material and superconductor (TF coil)

€y 1.00 x 1073 strain in the winding

OH Transformer

':1 (m) 2.77 x 10-1 thickness of the support cylinder

Ron (m) 1.41 OH transformer radius

BOH (T) 9.14 OH field

4, 0H 9.97 x 1073 OH transformer winding strain

Table III

Selective list of output data for the system defined by the input data
of Table II
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