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1.1 INTRODUCTION AND SUMMARY

In this report we describe the use of high performance resistive magnet technology to develop a design
for a compact. low cost version of the fusion engincering device FED. We refer to this design as FED-R2, for
FED-resistive magnet désign 2to distinguish it from the larger resistive magnet design for FED which uses
demountable coils (FED-R1) [1].

The main objectives of FEID-R2 are:

o To demonstrate reliable, quasi-steady state (long pulse, high duty factor) operation witht @, =~ 5.

o To demonstrate @, > 5 operation for a limited number of pulses.

¢ To providehigh neutron flux for irradiation of nuclear test modulcs;' with a total arca grcatc’r than 20m?2.
* 10 utiiize swady-stawe KF-currenu drive if- this option appears promising. '

Based upon the costing codes at the Fusion Enginecring Design Center and upon TFTR costs, th‘e es-
timated direct costs of FED-R2 would be on the range 380-460M, a facior of about 2 below that of the baseline

FED design.

1.2 TF Magnet Design

‘The toroidal field (TF) magnet uses Bitter plates which are water cooled [2). Advantages of Bitter plate
type construction include:
étiﬁncss of the magnets against both in-plane and 6ut-of-planc loads.
¢ Longer insulation life under irradiation (planar insulators can be used).

¢ Minimization of resistive power requirements due to large conductor volume.




20 cm of inboard shiclding arc used to reduce the neutron flux to the magnet to levels on the order of
10"nt/cm? sec. With an expected insulation lifetime of ~ 10%nt/cm?, 107 seconds of operation at IMW/m?

should be possible [3].

1.3 Major Parameters and Machine Performance

The major parameters of FED-R2 are given in Table 1. Two levels of performance are given. Nominal
cperation provides a ncutral wall loading of IMW/m?. H igh power operation could provide a wall loading of
4MW/m? and gives a margin of safety in achieving ignition. According to the INTOR scaling law the margin of
ignition (margin of ignition = (nre)ivrne/(nTR)icnirion)at T = 15 keVis 0.5 ‘(_correspondir.)g to Q. = 5)
for nominal operation and 2 for high power operation. -

The TF magnet power requircment for nominal operation is 120 MW and the cquilibrium ficid (EF)
magnet requirement is about 30 MW. Assuming $0.1/kW-hr for electricity costs, the cost for 150 MW of power
required for 3 X 107 s (1 X 107 s of DT plus 2 X 107 s of hydrogen nominal opefation) is about $150 M
($15M per year for 10 years operation with aduty cylc¢ of 10%).

For nominal operation the cquivalent (von Mises) membrane stress in the TF magnet is 100 MPa. The RF

heating bowcr is 30 MW,




1.4 Nuclear Testing and Maintenance

FED-R2 would accommodate approximately 22 m? of total area of nuclear test modules. After heating
and pumping requirements arc taken into account, approximately 8 m? of port area is available for test modules
which can be directly removed from the tokamak. In addition, approx_imately 14 m? of test module area could
b.e acccss’ed by iranslating the modules toroidally and then removing them Lhrough a port.

Figure 1.1 shows a side view of FED-R2. Figure 1.2 show; an isometric view of FED-R2. There are 16
ports, cach with a clear area of 1m high X 0.6m wide. The port cénstmction is illustrated in Figure 1.1 and
1.2. The saddle type ports are formed by extending the port plates in major radius and then cranking them
toroidally, without disturbing the turns adjacent to the ports. There are 16 ﬁwdulcs, separated by closure flanges
that extend f‘min the vacuum houndary.

The FED-R2 tokamak is completely modularized to facilitate asscmbl§ and maintenance. There are

sixteen scctors consisting of TF magnet, blanket and shield and first wall.

1.5 Key Design Issues

Key issues in the proposed design include’ the following:

(1) Maintenance - In the modular design considered here the vacuum joint in the plasma vesscl is cither
accessible on the outside of the TF coils or is a weldless scal. This allows easy removal of a small section
of TF magnet and nuclear island for maintenance since no girth bands obstruct the outside of the TF coil,
unlike Alcator [4] and Zephyr [5].

(2) Test Module Accessibility - The blanket modules are accessible through 13 ports in the outside of the TF

coil. Three ports are dedicated to pumping , heating and fueling of the plasma..




)

(4)

(6)

Lifc - The life of the magnet system is cssentially determined by that of the TF coils in the throat region.
The design of the TF coil is based on both static and fatigue properties of cold worked copper plate and
on the survivability of polyimide-glass insulators (an organic insulator with good resistance to radiation
damage) throughout the magnet. |

Support of Magnetic Forces - Because girth bands arc absent from the TF coil, transmission of shear

between copper conducting plates and steel reinforcement is by insulated keys, instead of bonding and
friction as in designs of other systems [4,5). Bonding of copper and steel to insulation is used in the
present design enly for purposes of assembly.

Cooling - to minimize e.r()si(m and corrosion in the TF magnet the w‘ater flows in tubcs embedded in the
faces 0% the plates. The cooling channels are distributed so as to equalize average temperature rise in the
plates and to minimize "hot spot™ temperature rise. -
Fabrication - In the throat of the TF coil 174 hard cold rolled copper acts alone to provide the required
strength. Because of limitationsb in the size of cold-rolled copper plate. each TF coil plate requires several
weldments. These have been designed to circumvent the strength loss at the weld. The keys which
uansmi£ shear forces between copper and steel are of hard copper coated with polyimide-glass insulators.
The assembly of the plates, insulators and wedges of a module uses cpoxy resin filled with chopped glass

fibers to ensure integrity of the module.
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TABLE 1.1

Major Parameters of FED-R2

major radius (m) 2.64
minor radius (m) 0.63

average beta: (g = 2.5, clongation = 1.5) 0,047

weight of TF magnet (tonlnes) 1600
weight of module (tonnes) 100
inboard shield thickness (m) 0.2
outboard blanket thickness (m) 04

Nominal Op. High Power Op.

mag. ficld on axis ’ 5.1 : 7.2
wall loading (MW/m?) . 1 4

fusion power (MW) 110 440
margin of ignition (INTOR'scaling) 0.5 ’ 2

average density (102°m—3) | 20 .40
plasma current (MA) 33 4.6
TFplus EF magnet power 150 300
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2.1 PARAMETRIC ANALYSIS - CHOICE OF [LLUSTRATIVE DESIGN

In this scction, parametric scans are performed to itlustrate the different tradeoffs.
FED-R2 is a neutron-applications reactor. Its main goal is that of producing copious amounts of neutrons
for sufficiently long periods of time to allow the testing of certain nuclear systems. A further goal, for short

pulses and for a limited number of pulscs, is to obtain plasma parameters close to those of future test and com-

miercial reactors, as presently envisaged. In the parametric scans, we have chosen the neutron wall loading to be

IMW/m? for FED-R2 normal (or base casc) operation, and 4AMW/m? for the high performancc operation.

The high performance operation has a burn pulse length of 100 seconds, limited by the OH transformer.

The pulse length in the base casc has also been assumed to be 100 scconds. although it can be longer if-the .

Strcsscs iin tic-Oil trainsforinei aic iicicased w tic Jevels of the higlt perfunauce vdse, wiidil as iager Gii
flux requirements.
The peak von Mises stresses in the throat of the magnet in the high performance case are orp = 196

MPa. The stresses in the ohmic heating central transformer are roughly cqual to the stresses in the throat of the

TF magnet. For the high performance operation the numbers of pulses of the ohmic transformer and of the

toroidal ficld coil are the same. For the base case operation, the number of pulses in the ochmic transformer is -

much larger than that of the toroidal field. However, in the base case the stresses are smaller by a factor of 2 and
fatigue through pulsed operation will not then lead to failure (in this casc the failure mechanism is related to the
lifetime under neu£ron irradiation of the insulation in the throat of the magnet).

The plasma clongation has been chosen to be & = b/a = 1.5 and the plasma safety factor ¢ = 2.5 at the
plasma cdge and ¢ = 0.9 — 1 at the plasma center. For these conditions, it is assumed that the value of the

average toroidal beta (87) is determined by




' 0.2
br="7

where A = R/a is the plasma aspect ratio and where Gr is the ratio of the average plasma pressure to the

magnetic ficld pressure,

kT
~ B2y,

Br
and B is the toroidal field on the plasma axis. The plasma triangularity resulting from the poloidal field system
is0.05 < 6§ < 0.2, and is determined in the section for the cquilibrium field system of the illustrative design
(scction 3.3.3). ' -

Thie paraingicrs o die equiiibtium ficid sysicm are caicuiaied using lite method described in section 3.3.
The same parameters that optimize the vertical field system (section 3.3..2) are assumed. In this section it
is aSsumed that the OH transformer is double swung (the magnetic field in the OH transformer is partially
reversed).

The distance between the toroidal field coil and the plasma in the midplane in the throat of the magnet,
d; is assumed to be §; = 0.40 m. This allows for .20 m of high performance shiclding in the inboard of the
magnet, plus 0.10 m for first wall and 0.10 m for the plasma scrape-off region. On the ou;board side of the
plasma, the distance between the plasma and thé toroidal field coil is §, = 0.6 m. The larger distance allows
for ~0.30 - 0.40 m of blankct/shicld test modules located between the toroidal ficld coil and the first wall. The
space available for testing is described fater in sccti'on 3.2

The lifetime of the machine is determined by the survivability of the insulation in the inboard side of.the

magnet. The lifetime of the magnet is discussed further in section 6.
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The assumptions in the parametric code are shown in Table 2.1. Table 2.2 shows the results of the
paramectric scan vs. aspect ratio. The margin of ignition, M1, is defined as the ratio between the plasma n1g
product and the (n7y) product required for ignition at an average temperature of 7.5 keV,

MI — (nTE)plasma

("Tlf)igni[ion

Itis assumed that the energy confinement for the electrons is given by the empirical scaling law
T, = 3.8 X 1019042

where n is the average plasma density in cm™3, a is the minor radius in cm and Tg, is in scconds. In Table
2.2, I'is the plasma current, Py is the total fusion power, Wy is the weight of the '-I‘F coil, Ppp is the resistive
power of the TF coil, Er g is the storcd energy in the EF coil, Pgr is the resistive power o% thf: EF coils, Frp is
the stored energy in the EF coils, MALF is the Ampere turns of the FF C(.)ilS and Wg - is the weight of the EF
coivls. 7 is the shear stresses in the outer leg of the TF coil that resist the torsion of the Bitter magnet due to the
iﬁtcraction between the poloidal field and the current in the TF coil.

The margin of ignition is then

("TE)empirical

MI = (BraB?? -

(n7E)ignition
at fixed temperature. From transport calculations it has been determined that the value of (BraB?)? at ignition

is (,BTa.BQ)fgn = 1.3 m?T* for parabolic density and temperature profiles. Therefore,

(BraB?)? (BraB?)?

(ﬁTa‘B2)12gnition 13

MI =

where a is in m and By is in T. M7 is a measure of how close the plasma is to ignition according to the

empirical scaling law or, if M > 1, of the margin of safety to achicve ignition.
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From Table 2.2, the margin of ignition, for a fixed wall loading of Py = 4 MW/m?, is decreasing with

increasing aspect ratio A. The reason for this is that for the empirical scaling law, the wall loading is determined

by.

n?Ra?®  n2? (Temp  pp
Pyant ~ ~ ~ ~ —

Ra a a a

where R is the plasma major radius. Thercfore, for smaller minor radius a, (larger aspect ratio), the margin of

ignition M1, has decreased. The fusion power decreases with increasing aspect ratio, as

P; ~ n’Ra®> ~ (MI)R

and tic major radius £? remiains approximately constant while M7 decicases.

Fjgure 2.1 shows the margin of safety M1, the plasma current /, the magnetic ficld on axis B, the plasma
major radius R and the fusion power Py as functions of the aspect ratio. The plasma major radius remains
approximately constant because of the constraint on the.stresses in the ﬁnoat of the magnet: as the aspect ratio
increascs, ‘the throat cross sectional arca increases sufficiently to balance the increased loads due to the increased
magnetic field necessary to keep Py constanf.

Figure 2.2 shows the parameters of the toroidal field coil Prp (resistive power), Erp (stored cnergy in the
toroidal coil), and Wip (weight of toroidal field coil) as a function of the aspect ratio. For A > 4, the resistive
power and the wciéht of the toroidal field coil are relatively constant. The stored energy in the toroidal ficld coil
increases substantially with increasing aspect ratio.

Figure 2.3 shows the parameters of the equilibrium ficld system Egp (stored encrgy), Per (resistive

power), MA (Ampere turns) and Wer (weight of the coils of the EF system) as a function of the aspect ratio.

12




The parameters of the vertical system are relatively flat with aspect ratio, with a broad minimum around A =

4.5.

The nuclear characteristics of the machine designs, shown in Table 2.2 and Figures 2.1-2.3 are ap-
proximatcly constant, as the neutron wall loading and the radial builds of the shield and/or blankets have been

kept fixed.

For the illustrative design, the case with aspect ratio A /= 4.2 has been chosen. The optimum is broad,
and the choice results in a compromise between increased energy in the toroidal ficld coil at the expense of
decreased margin of ignition, M 1. |

"l"hcre are some parameters that need to be determined. These are the full height of the magnet, h the
radial thickness of the outer leg, {n..;. and the ratio of sfcel rcinfbl:ccnlcnt to copper in the out'board legs of the
magnet, f.

Table 2.3 shows the parameters of the torvidal field magnet and equilibrium field systems as the height of
the magnet is varied. It is assumed that the thickness of the outer ]eg’ is _tt;ul = 1.5 m and thc ratio of steel
to copper is f = 0.5. As the height is increased, the bending stresses in the throat of the magnet decrease some-
what, More importantly, the resistive power of the TF magnct decreases ét the expense of larger equilibrium
field system requircments and larger storcd encrgy in the toroidal field magnet. A compromise' height is 3.7 m. .

Table 2.4 shows the parameters of the toroidal and EF systems as the thickness of the outer leg, tout,
is varied. The stresses in the throat vary slightly. The weight of the magnet increases with ¢oy, while the
resistive power Prp decreases slowly. As discuséed in section 3.2 on ripple, the larger ¢y the smaller the
ripple. However, the ripple is alrcady acceptable for &gy = 1.2 m. toy is then determined by the turn-to-turn

connectors required. As discussed in section 3.1, {5y is =2 1.5 m.

13




Finally, the ratio f of steel to copper in the outboard region of the magnet needs to be determined. Table
2.5 shows the paramcters of the TF magnet as f varies. For f < 0.5, the rgsistive power is a slowly decreasing
function of £, as the contribution to the total resistive power from the outboard rcgion.of the magnet decreases
with decreasing f.

Figure 2.4 shows the poloidal flux for the high performance case. Note that there is a significant trian-
gularity due to the location of the shaping coil close to the main axis of the machine. Table 2.6 shows the plasma
parameters derived from the equilibrium (described in section 3.3.2.).

Finally, Table 2.7 summarizes the main parameters of the TF and cquilibrium system of the illustrative

design.
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TABLE 2.1

Constrains for the Parametric Scans

Pyai (MW/m?)
BrA

k=b/a

burn pulse length (s)
OTF,vonmises (MPa)
oor (MPa)

6; (m)

bo (m)

number of pulscs

base case
1
02
15
100
100
100
0.40
0.6

3 % 105

15

high pcrformadce’

4

0.2

LS5

100

200 .

200 |

040

06

103




A
R(m).
a(m)
“B(I)
I (MA)
(BaB?)? m2T*
P;(GW)
Wy- (ktonnes)
Prrp (MW)
Eri (G))
plate size
T (MPa)
Ep1-(G))
Pgr (MW)

MA;r (MA)

Wer (tonnes)

315
3.15
1.00
5.5;1
1.67
378
0.762
245
238.
3.56
4.76 X 4.95
17.9
0.501
109.
15.9

238.

TABLE 2.2

Parametric Scan vs Aspect Ratio

for Pyuy = 4 MW/m?

3.55

2.84

0.80

6.21

6.04

3.02

0.549
189

230.

3.38
412X 465

20.16
0.39

91.3
143

208.

16

4.19
2.64
0.63

1.16

0.402

1.52

238.

3.66
3.61X4.35
238

0.334

814

13.3

178.

517
259
0.50
343
339
1.89
0313
135
271.
461
325424
29.4
0347
82.6
134

177.

6.78
271

0.40

102
244
1.51
0.262
1.34

352. -
721
3.03x4.24
38.5
0.536
108.

16.4

216




TABLE 2.3

TF and EF System Parameters vs TF coil height, h

h (m)
Prrp(MW)
Erp(G))
W= (ktonnes)
‘7 (MPa)
Egr(G))

Per (MW)
Wgr (tonnes)

MAgr (MA-turns)

3.36

265.

33

1.38

221

0.297

74.8

168.

12.2

17

3.61

238.

3.6

1.52

238

0.334

814

179.

133

3.95
215.
4.1
1.71
264
0.387
90.8
193.

14.8




TABLE 2.4

TF and EF System Parameters vs TF outer leg thickness, £,

tout (M) 1.0 L5 1.75

Pri{(MW) 243, 238, 234,
Err (G) 34 3.6 38

Wy (ktonnes) 1.26 1.52 1.69

7 (MPa) 357 238 204

Err (Gl) 299. 334, 397

Prr(MW) 771 814 842 .

Wier (tonnes) 165. - 179. 187.

MAgr(MA-ums) 13, 133 135
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TABLE2S

TF System Parameters vs Steel to Copper ratio

in the 0utb6ard leg of the TF Magnet, f

f Prr (MW)

1.0 266.
0.5 238.
0.33 227.
0.18 218.
0.11 214,

19




TABLE 2.6

Plasma Parameters Derived from Equilibrium

A 42
K==bla 149

& (triangularity) 0.21

I, (MA) 44
Br (%) 4.79
q (axis) 0.92

g (edge) 2.7
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Table 2.7

FED-R2ZMAIN PLASMA PARAMETERS -

FIELD ON AXIS (T)
MAJOR RADIUS (m)
MINOR RADIUS (m)
SCRAPE-OFF LAYER (m)
PL.ASMA ELONGATION (m)
PLASMA TRIANGULARITY
ASPECT RATIO
PLASMA TEMPERATURE (keV)
D-T ION DENSITY (m—?)
SAFETY FACTOR
PLASMA CURRENT (MA)
EFFECTIVE CHARGE
PEAK-TO-AVERAGE

RIPPLE AT EDGE (%)
TOTAL BETA (%)
D-T FUSION POWER (MW)
FUSION POWER GAIN
NEUTRON WALL LOADING -
C (MW/md)

RF POWER (MW)
MODE
FREQUENCY (MHZ)

INBOARD SHIELD THICKNESS (m)-

OUTBOARD BLLANKET/SHIELD
THICKNESS (m)

7.1
2.64
0.63
0.08

15

02
4.19

12
3.9 x10%

2.5

46

12

038
4.8
400

S5-00

PLASMA HEATING
30
2wcd
72
BULK SHIELD
0.2

0.4

21

5.1
2.64
0.63
0.08

1.5

0.2
4.19

12
2.x10%°

2.5

34

12

0.3

4.8
100

30
2 wet
77
0.2

0.40




PLATE SIZE (m?)

FED-R2 PARAMETERS (continued)

NUMBER OF TF PLLATES
NUMBER OF MODULES
MAXIMUM TF FIELD (T)

MAXIMUM CURRENT DENSITY (k/\/cm2)

RESISTIVE LOSSES (MW)

TF POWER (START-UP) (MW)

TF STORED ENERGY (MJ)

TF WEIGHT (ktonnes)

TOTAL CURRENT (MA)

COIL CURRENT (kA)
CHARGE TIME (s)

EF COIL A-TURNS{MAT)
OH SOLENOID A-TURNS (MAT)

TOTAL PF A-TURNS (MAT)
V-s FROM EF COILS (Wb)
V-s FROM OH COILS (Wb)
TOTAL V-s FROM PF (Wb)
FIELD (OH SOLENOID){(T)
CURRENT RISE TIME (s)

CURRENT DENSITY (EF COILS) (ka/cm?)
CURRENT DENSITY (OH COILS) (ka/cm?)
PEAK RESISTIVE POWER (EF COIL) (MW)
PEAK RESISTIVE POWER (OH COIL) (MW)

22

PF COILS.

TF COIL
3.7x4.35
384
16
11.2
1.61
238
400
37
LS
95
250
30

12.2
47

60

11.5
344
45.8
14.6

~1.2
0.48
80
65

3.7X4.35
384
16
19
114
120
200
1.8
15
67.3
176
30

8.6
33
42

8.2
24
32

10.3

0.85
0.34
40
33
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Figure 2.4 Plasma Poloidal Flux for the High Peformance Case
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3. CONCEPTUAL DESIGN

3.1 _Torovidal Field Coil

3.1.1 General Arrangement

The torqidal ficld coil is the key magnetic component in a tokamak device. It is subjected to the largest
stresses (generally) and receives the highest radiation fluence of all magnetic components. Furthermore, the
coil must accommodate ports for test modules, plasma heating and pumping without producing significant field
ripple, and it must support the vacuum chamber against normal and disruption loads. |

The Bitter plate magnet (as used for instance in Alcator A {1] and C.[2] as proposed for TORFA [3], the
AFTR scries[4] and ZEPHYR [5]) satisfies a number of requirements better than docs a wound coil. Bending
f?om in-plane forces ig resisted in the plane of greatest strength. Insulation selected for radiation resistance
rather than flexibility can be used because all insulation is planar. Compared with a tape wound coil, lower
power consumption results from the greater volume of conductor. Low ripp}c results from the absence of gaps
between coils except locally around ports. No external structure is required to react twisting moments. The coil
is constructed from a large numnber of identical units leading to the use of quantity manufacturing techniques.

A Bitter platc magnet has a few disadvantages compared to a wound coil. The operating current is high

and the voltage is low. Access to the nuclear island is poorer. The principal parameters of the TF coil are given

in Table 3.1.1.
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3.1.2 'The Basic Turn

The form of Bitter plate coil proposed for the present TF magnet is shown in Fig. 3.1.1. The basic unit
of the magnet is a turn consisting of a copper‘plate. a steel reinforcing wedge, two insulating sheets and an
interconnector.

The cold-rolled copper plate is fabricated from three piccgs. as shown in Fig. 3.1.2. The throat scction
is machined to a taper with water cooling channels machined into one face. The upper and lo;ver picces are
machined parallel-fz_lccd. These picces are electron-beam welded (EBW) to the throat section. The upper and
lower copper pieces are machined to receive keys which project either side of the plate (sce Figure 3.1.3).
Cooling channels are also machined in one face of the outer parts of the co;;pcr plate.

CIC COPPLT plaic i3 asyimninetiic beCause viie face of e iaper;-d thrudl section is abiglied willl vie
face of the parallel-faced picces. The plane face of the complete plate mates to the flange at the end of cach half
module.

The steel reinforcement performs several functions. It transmits th‘e vertical force in the outer limbs of the
copper pl‘atcs. It supports the keys that resist torsional and interplate stress. It provides support for the blanket
and other components within the TF coil. In &e center of each half module it furnishes extra turn spacing to
improve the homogeneity of the toroidal field. The steel is flush with the copper-at the outer edges but extends
beyond it toward the plasma to support the blanket and first wall assembly.

The proposed insulation is polyimidec-glass réinforccmcnt in 1 mm thick shecets. Under essentially isostatic
pressure the effective radiation life of such insulation is greater than 10!! rads, (approximately 1029 neutrons
cm™?) total fluence. Outside the throat region, radiation induced damage to the insulation diminishes radially

away from'the plasma.
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Each turn has two sheets of insulation of shape as shown in Fig. 3.1.1. The keys are fully insulated from the
stecl which is therefore everywhere at ground potential. The insulation cxtendé beyond the plates to ensure that
shorts do not occur at exposcd edges.

The corners of the plates are "cropped” as shown in Figs. 3.1.1 and 3.1.2. This has the advantage of
allowing both the induction and vertical ficld coils to be placed close to the plﬁsma. It increases the induction

Aux (or decreases the throat diameter) and decreases the poloidal currents.

3.1.3 Flanges

At the junction between modules there is a closure flange and mid-way between the closure flanges lies
4 puti Nange. The clostine Dange 1 1 iwo Daives wiiich e welded aound el vuier periphery w ciose the
vacuum vessel. The copper plates adjacent to the closure and port flanges are fully insulated from them but also -
keyed to them as to the steel reinforcement wedges (see Fig. 3.1.3). The two halves of cach closure flange are
keyed internally so as to transmit torsional shear. (If_‘ the port flange is.fabricated in two halves then these also
must be keyed internally.)

At the port opening the copper platcs ar.e folded to provide current paths around the sides of the ports.
(Fig. 3.1.4). Figure 3.1.5 shows an clevation view of the machine with the port gcometry and the relative
location of the equilibrium field coils. At the ports the steel reinforcement is discontinuous, stopping just above
and below the port opening. The vertical forces in the copper plates are transmitted to those truncated steel
plates as clsewhere. Here, however, the stcel must be vertically constrained by different methods because it is
discontinuous. The vertical loads are transmitted by shear through adjacent copper and steel via the keys until

the accumulated load is taken by unbroken steel reinforcement. This produces a high stress in the reinforce-
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ment immediately adjacent to the ports. That stress is alleviated by the radial extension of the reinforcing steel
so that it is supported by the EF coils, Those coils (described below) have a large cross-section. Conscquently,
they are stiff cnough to help support the local vertical loads in the ou;cr leg of the TF C()il (sce FFig. 3.1.6).

The various discontinuitics in the TF coil contribute to the ripple i;l that ficld. The principal factors
causing ripple arc; the 2.68° flanges of which there are 32: the 1.2 m X 0.8 m port openings which force the
current to flow locally at a larger radius and which add to the ripple caused by 16 of the flanges. Ripple is
reduced by the periodicity of the discontinuitics. Thus 32 flanges of a given angle cause less ripple than 16.
For this reason at the center of each half module, mid-way between a closure and a port flange, the sense of
the copper plates is revcrsed by using a double steel reinforcement picce (see Figllrc 3.1.3). This cffectively

~ increases the periodicity of the flanges to a 64 fold symmetry. The ripple is estimated in scction 3.2
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Figurc 3.1.4 Copper T'F Plates Folded Around a Port Opening
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TABLE3.1.1

Toroidal Field Coil Parameters

Number of turns 384,
Number of modules . 16
Flange angle (32 flanges) 2.68°

_ Fraction of TF periphery occupicd by active turhs 0.7618  (at 4.835 m radius)
Thickness of copper at 4.85 m (outer periphery) 3017 cm

Thickness of steel reinforcement at 4.85 m . 2.829

Radius at which steel reinforcement starts " 25m
Overall hcight | 37m
Number of cooling channels in throat 50 )
Cooling channel cquivalen; diameter Smm
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3.2 Access to Plasma and Test Regions

Access to the plasma is provided by two means: large horizontal ports (used for diagnostics, auxiliary
heating or for neutron applications) and smaller vertical ports, used mainly for diagnostics. The smaller ports
as presently cnvisagcdv wotld be located in the mid-module stainless-steel flanges. They would be similar to the
diagnostics ports in the ZEPHYR design!®. 'vl“nc‘main purpose of these ports is to provide a small amount of
vertical access for diagnostics.‘

The large horizontal ports are part of the 16 mid-module flanges. They provide access cither to the plasma
(3 ports) or to the blanket rcgion (13 ports).

The plasma access is through a duct with a minimum aperture of approximately 1.0 X 0.6 m? (the opening
in the TEF magnet plate is 12 % 1R m2) The ducts are nernendienlar to the nlasma sugface,

Access to the blanket test region is through the TF magnet opcni‘ngs which measure 1 m high by 0.6
m wide. Space for test modules exists in 13 of the 16 modules. The width of the test space per port is
approximately 1.8 m. This can be occupicd by three 0.6 m wide units, whiph are inserted through the ports and
then moved sideways on rails into their test position.

The large aperture requircd for horizontal access results in significant distortion of the current-carrying

elements. The ripple in the toroidal ficld needs therefore to be calculatcd,'This is done in the next section.

3.2.1 Toroidal Ficld Ripple

There are three types of ripple in the toroidal field in Bitter-type machines: the ripple due to the discrete
toroidal ficid blates, that due to the flanges between modules, and the ripple due to the large apertures required

for access to the toroidal bore.
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The first type of ripple, that due to the discrete nature of the coils, is vcr.y small in BITTER designs due to
the large number of plates. The cffect of such ripple in plasma transport is therefore negligible.

The second type of ripple is due to the flanges. These flanges are necessary to allow modules to be joined
together, and form the vacuum scal for the first wall. Furthermore, these ﬂqngcs also allow vertical access to the
plasma. This access is limited, but should be large enough to permit vertical diagnostics.

The ripple duc to the flanges is large in the region near the flanges and decreases rapidly toward the mirror
axis of the chhine.

Figure 3.2.1 shows the ripple in the plasma region due to the lack of 16 — 1° rcgions in an otherwise
perfect torus. The 16 regions fcprcsem the 16 closure flanges pl:CSCI]i. in the‘ design. The ripple shown in Figure

3.2.1 is'defined as

where By(r, 8, ¢) is the toroidal ficld at location (r, 6, ¢) and

2%
B 0) = o [ d9Br0,9)

where ¢ is the toroidal angle. Figure 3.2.1 shows contours of constant ripple at the mid-locatio.n of a flange.

In order to calculate the ripple shown in Figure 3.2.1, a typical TF coil is simulated by a set of 4 closed
current-carrying filaments. The current-carrying filaments aré madé of a large number of straight filaments,
such that onc ends where the next one starts. Thc location of the filaments is such that they approximate
uniform current density in the conductor that is being simulated. As FEI-R2 is a stcady-state machine and

because it is cooled in such a way that temperatures in poloidal sections is approximately constant, the uniform
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current density across a poloidal scctor is appropiate.
The largest 'toroida] ripple due to the flange occurs in the top and bottom of the plasma. The structure of
the ripple in the toroidal field is sinusoidal thrdughout most of the plasma region. This is shown in Figure 3.2.2.
This figure shows contours of constant toroidal field ripple in the midplanc.; of the machine. Shown is a sector
region. The minor radius is in ﬂlc coordinate and the toroidal angle of 1/32 of the machine is in the ordinate.
¢ == 0 represents the mid-location of the ﬂanvgc, and ¢ = {§ is half-way between flanges. As long as the angle
subtended by the flange is not very large, the toroidal field ripple approximately scales lincarly with this angle.
The flanges in FED-R2 would not be exactly as described by the constant angle approximation. However,
the numbers indicate that fo; an cdge ripple of < 1% on the edge of the plasma, the angle subtended by the
~flange has to be << 6°. This corresponds to a flange thickness at the location of the plasma major radius of 0.3m.
It shouid be noted that the further rcinforcc&ncnl at the center of the a half modulc and the additional flange at
the center of the port would increase the periodicity of the perturbation creating the ripple and thercfore reduce

the ripple further.

322 Port Ripple

The largest contribution to the toroidal field ripple comes from the access ports. Although the structure
around the ports varies, depending on whether the port allows access to the plasma vacuum or not, the shape of
the conductors around these two types of ports is identical. Therefore, for ripple calculations, it is assumed that
there are 16 identical ports, with a gecometry schematically depicted in Figure 3.2.3. The ripple calculations in
this case are done using filamentary clements that represent the conductor shape around the port, and conduc-

tors that represents the current that has been removed from what, in the absence of the port, would be an ideal
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torus. Figure 3.2.3 shows the filamentary elements used to reprcsént the port. The ripple calculations include 16
ports, plus the ideal torus. The ripple can therefore be calculated very fast, witl;()ut involving in the calculations
the unperturbed conductor (which is included in the result in the form of an idcal 1/R variation).

Figure 3.2.4 shows contours of constant toroidal field ripple in the location at the port. ‘The toroidal ficld
ripple is approximately constant at constant major radius and varies with distz;néc frmﬁ the port. The largest
toroidal ficld ripple is ~0.008% at the outer edge of the plasma.

The toroidal ficld ripple on the midplane of the machine is shown in Figure 3.2.5. The location of the port
is at ¢ = 0. The ripple decreases very fast away from the plasma edge, and is ~.05% at the location of the
plasma center.

Altﬁough the opening is substantial, the ripple has been kept low because:

¢ The distance between the port and the plasma is relatively large to allow for shiclding and/or blanket

test modules.

o Thereare 16 ports, increasing the symmetry and the gradient of the ripple away from the port.

s The curre‘nt removed to make roorﬁ for the po;'t has been located as close to the plasma as physically

possible.

o The width of the outer leg is large, r.cmoving the centroid of the cufrcnt in the unperturbed turns away

from the plasma.
The port size is thus not determined by the toroidal ficld ripple limitations, but by structural and engineering

considerations.
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Figure 3.2.3 Schematic Diagram of the Filaments used to Stimulate the Port.
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3.3 Equilibrium Field System

In this scction, the vertical ficld system is described. The optimization of the EF system for a resistive
coil reactor is described in section 3.3.1. Param.etric studies arc performed around a specific toroidal field coil
envelope. An illustrative design is presented in Section 3.3.2.

‘There are significant differences between the poloidal field system in a superconducting FED and in FED-
R2. The main differences are:

o I'he cquilibrium field coils can be located much closer to the plasma in reactors with resistive coils than in

reactors with superconducting coils because of:

o Reduced shielding between toroidal field coil and plasma

Dadi~ad chi

"
(RN VI PRI 2 FTN
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e Smaller ripple. which means reduced that the outer leg of the TF coil (and thercfore, the main EF coil)

can be located closer the plasma

 Less height for the TF coil. which implies that the shaping coils.can be closer to the plasma.

. ’I;here is a region in space close to the main axis of the machine that is readily available in resistive
magnets but not so in supcrconductiﬁg ones. This region is ideal for the location of shaping coils in
order to elongate and provide large triangularization to the plasma.

Because the TF coils require considerabie power dissipation, then, as long as the requirements for the EF
coils arc a small fraction of those of the TF resistive coil, the attractivencss of superconducting EF systems is
reduced.

In this section the EF system for a resistive coil reactor is described. However, detailed comparisons

between thie EF system of a resistive coil reactor and that of a superconducting coil reactor are not made.
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3.3.1 Parametric Studics for the EF System

In this section, an optimization of the vertical field system for a ;pcciﬁc TF design is performed. The
gcometry of thchF coil used in the ()ptimization'studics of the EF system are shown in Figure 3.3.1.

Because the cquilibrium field requirements are larger for the case of Py = 4MW/m2, it has been uéed
for the parametric optimization study.

The optimization study has been performed as follows: for a given se£ of plasma parameters and a bound-
ary for the TF coil, the optimum coil location is determined. When that location is determined, the current
densities in the coils are varied. The design point for the illustrative parameters is then chosen.

ll' would in principle be possible to calculate the vertical field system using an equilibrium field coil for

alann iead
O UL LI Wae

cach particular case I This procedure would be tedicus and time consuming.
relies onwa fit to the requirements of the vertical ficld system derived from.a small, but carefully chosen set of
runs of the cquilibrium field system. A fit to the results is then performed, and a check is performed on a few
cases. The fits are easy to usc and allow the possibility of doing fast scans o.vc-r large regions of available space.[”!
There are four parameters of interest in performing the optimization study of the EF systcm. These are:.

o Resistive losses during the plasma burn

¢« Energy stored at peak current

Mass of the coils
‘e Ampere turns.
Figures 3.3.2 through 3.3.5 show the rcsistivé loses, at peak conditions for Py.y = 4MW/m?, the stored
energy at peak ficld, the weight of the coils and the number of MA-turns for the TF coil outer envelope shown

in Figure 3.3.1. These Figures show contours of constant resistive power, stored energy, weight and MA-turns
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of the vertical field system as the locétions of the main and shaping EF coils are varied. The coordinate ¢;

represents the lowest point of the main EF coil, and the ordinate icprcsem; the point of minimum major radius

of the shaping coil (see Figure 3.3.1). It is assumcd that the current density in the main cquilibrium field coil

is j; = 1.0 X 107 A/m? and in the shaping coil is J, = 1.5 X 107 A/r.nz. In Figures 3.3.2 through 3.3.5 it

is assumed that the mbajor radius of the main coil, R; and the height of the shaping coil Ry are such that the |
clearance between the TF coil and the polvidal field coils is 0.1 m. The coil locations are then sclf-consistently

determined from €; and ¢, and the current density in the coils,

As can be seen from the figures, the optimum location of the coils is such that ¢; is as small as possible,
that is, the main cquilibritm‘l coil should bc as close as possible to the midplane. The parameters of the system
~ do not depend strongly on the location of the shaping coil. ¢, is determined from access conSidcrationé: the
coil should clear the ports in the TF coil. From engincering considerations (dcscribcd in the structures section),
the clearance should be ~ 0.5 m. As the port half height is 0.5 m, then the height of the lowest point of
the main EF coil is 4, == 1.0 m. The location of the shaping coii is such that it clears the inner corner, that
is, & ~ R, (where Ra =R — c; — &;). Reducing ¢; has the advantdge of giving the plasmé a significant
amount of triangularity without increasing the requirements of the EF system éonsiderably. Access to this area
without having to place the coils inside the toroidal 'ﬁeld system is one of’ the advantages of resistive versus
superconducting magnets.

Next, the optimum current density in cach coil is determined. Figures 3.3.6 through 3.3.9 show contours of
constant peak resistive power, peak stored cnergy, weight and number of MA-turns as functions of the current

densitics in the main EF coil (5;) and in the shaping coil (j;). The optimum in this case is not as clear:
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as the resistive power decreases, the stored energy increases. The point j; ~ jo ~ 1.2 X 107 MA/m? has been

chosen as a compromise.
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332 lustrative Design

‘There are two pairs of EF coils, a “dipole™ pair (main cquilibrium coils) located just outside the outer edge
of the T'F coil and a "quadrupole” pair (shaping coils) located just above and below the TF coil. The dipole
pair produce a ficld whiéh generates a radially inward foree on the plasma and the quadrupole pair gencrates
a force on the plasma to elongate it in the vertical direction. The position, dimensions, currents and forces on
these coils are shown in Fig. 3.3.10. The param.ctcrs of the coils are given iﬁ Table 3.3.1.

The coils are wound from hollow copper conductor of 7.2 cm square section with 3 mm of insulation
around the outside of cach canductor (Figure 3.3.11). 'The cooling channe} consists of four holes each 1.8 cm in
diamc.tcr. The thermal and mechanical loads in the conductor are modest, for all the EF coi'ls; high conductivity
copper has therefore been assumed., . . 3

Suéport of the dipole EF coil is from the $tccl reinforcement platés of the TF coil to which they are
attached by quick release toggle clamps (for case of disassembly). The dipole coii provides a small part of the
support for the copper TF plates in the region of the ports where the stqcl' TF reinforcement is discontinuous.
Because of the high forces between EF2 and OH7 coils and between EF1 and OHS coils,' these pairs are
structurally joined as units. |

'The hydraulic arrangement of the EF coils is designed to minimize pumping power and crosion, to the
extent compatible with simple coil construction..

" The quadrupole coil, EF1, consists of 9 pancakes cach with 8 turns (Figure 3.3.12). Of these 72 turns, only
66 carry the full current of 50 kA. The remaining. 6 arc used to trim the ficld with a small current. 'The cooling

water flows inwards through the turns of each pancake, thus having 9 flow paths in paraliel. Manifolds at the

outside and inside distribute the water. The dipole coil, EF2, is treated similarly to EF1. Eight pancake coils
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each of seven turns provide 56 turns of which S5 carry 50 kA and one carries a trim current of 10 KA.

The waveforms of the currents in the main and shaping equilibrium field .coils arc shown in Figure 3.3.13.
It is assumed that at ¢ = 0 a full size circular. plasma is created. At ¢ = 5s, the plasma is enlarged to full
clongation. Finally, heating is applied (£ = 11s). The burn-time last for 100 s at which time the plasma is
brought down in a sequence reversing the initiation sequence. Note that the cur-rcht in the shaping coil reverses

direction as the plasma is clongated.




TABLE33.1

EF Coil Specifications

Parameter (referred to one coil - EF1 EF2

of pair cxeept where noted) Quadrupole Dipole

Amp turns, MA =33 2.76

Coordinates of center, m R = 184 R =517
Z =212 Z =130

Cooling chann;l dia.,cm 4 x L8 4% 18

Opcrati.ng current, KA 50.0 30.0

Conductor size, cm 72 X172 72 X172

Overall size incl. 78 X 1.8 78 x 78

insulation, cm .

Number of turns 65 55

Conductor array 8h. X 9v. '.7 h. X 8v.

Trim current, kAt +10.0

Peak dissipation 8.87 20.86

power MW

Water velocity, ms™! 20 20

Hecat transfer cocfficient 5.34 5.34

Wem—2C™!




TABLE 3.3.1 (continued)

Paramecter (referred to ongcoil ~ EF1 | EF2

of pair except where noted) Quadrupole Dipole
Copper surface temp. 22.8 22.8

rise, C

Water flow, m%s—! 184 .1628

Water bulk temp. | 12.0 320

rise, C

Pumping power, kW 128 112

Axial force, MN | -10.67 ‘
Total radial force, MN : +34.88
Hoop stress in cm, MPa | 25.7
Weight, tonnes 309 . 6625
Stored energy . | 203 MJ total system
Resistive power : 59.5 MW total system
Pumping power ' 048 MW iotal system

54




SII0D) T JOSUONISOd [ snSig

|

=<3

H

A
ﬁ |
A.N:\W_W.X

{ -

(&
W

710D zzzl\ Awmqwmv X

o

OO ONIdVHS .I..s\\

-+

55




_ _ S0 PIL umnuqiinby
mc_%:mnzmc_ﬂzoﬁuo :o_uauoguﬁ.uo:oco::mammnuaa_mm_n:uaom EﬁmcoumoazoaoUN.m.mm.»:m[

|
|

()

Sl Sl

5
i

SL

O

/mw

gaTH,”
EL O AN

J
1

56



_ 'S[10D) PdL] wntiqinby Surdeyg pue
UIB 91 JO UOMIEIOT] Y} JO UOTIDUN,] © SB WISAS 7 AP Ul ATIaug PIIOIS JURISLO)) JO SINOIUOY) £°¢E angiyg

Sl Scl




'S[10D) pIdL] winugijinbyg
8uideyg pue urejy 3y Jo UONEIOT Y} JO UONOUN, B Sk suin arpduwly JUTISUC)) JO SIN0IUOY) REE undiyg

(wi
Gel

SO
=91

1871

12
A
¢ 3
vz =
loe
lge




81100 pjol winnqiinby Suideys

PUE UlRJy 31 JO UONEXNT I JO UONOURY € St WdISAS . 3G Jo 1ySiap JUEISUOD) JO SIN0IU0Y) S°¢'¢ ANJL

Gl

Gcl

()t
]

4z 2

L]

() ©

59



'$1109 pjoy winuqinbs (7€) Suideys
pue (1) utewr oy ut ANsuap JudLIND 21 Jo uonaun.{ e se paedissi(] Jomod ueIsuc)) jo $1003U0D) I ¢°¢ aundiq

(2WIVIN) b

e 02

(W VIN)Er

60



S[103 ppoy winuiqiinbs () Suideys pue (10) utew

U Uy AJSUOP JUOLIND Y} JO UONDUN, B Se WOISAS 5 ayn wl A310ug POIOIS URISUO)) JO SINOIU0Y) 2°€°E dANTL]

(eW/VIN)

d&

Oc _

=2

)

8IBIS

d

Oc

(ZW/VIN) e

1N

S

61



*$[103 p1oy winugiyinba (70) fuideys

pue (1) upewr 3 uf ANSUIP JUILIND ) JO uoNdUN, B St suwiny sddiuy JULISUO) JO SINOIUO)) Q€€ NS

SZ

(gW/VIN) P
0z

S

5

T @

O

oJ
w




'S)100 play uimuqipnbo (7€) Suideys pue (')
Ufeul 3y} Ul ANSUIP JUILIND Y} JO UOHIUN, € Se WAISAS 7 9 JO WySiop JURISUO)) JO SINOIO)) GE'E aIng,J

(Ui e
4 Gl

SC

ol

63



-~ (oueyd ueipaur a1 mojaq 1100 2t ase UMOYS) SJI0D) o 943 Ul $9010,] pue SIWdOLNY) O1°¢°¢ 21Ny,

243

o0 X

s SR
N Q2 I

N

N eSS

]

—

ANYId NVIO3NW

64



‘v\“ 3.. V74
U8 L4

. (L% 9°S HO Ut pasn os[e) 10)00PUOD) [100) f¢] JO UONNG SSOI) [1°€°€ 21N

TINA CTIIVOS
LHO P 9HO ‘SHo ‘243 143
ST0D HO4 HOLONANOD WWIIdAL

77 \/\ VA A \A\]
| 4 N ,/4/_// @ |
NVa , )
ZAN f.
AN
WO 2L via
WD g
f
(o1-9)
WO 0TI "W 27, T

65



Sted MOL{ Jue[00]) puk Futpjojreiy SumoyS 100 L3 UIS10190pu0)) Jo yuowaBuelry g1 ¢ ¢ a1,

: (avuisnT 143)
LHO ¥ “9HO0 ‘SHO 243 ‘143
S0 W04 STIOSINVW DNITO0S
HLIA AVHYY  HOLONANOD TV9IdAL

k-

SHOLIDANNOD
- ANVYI00D
e G _ ONILVINS NI
1 [oo ]
I,.mm /m.\
— 2BN
WD 2D — ™
X i >
1 ] . e
£

JIOJINVI 137N

\\\(|.|/\\|J./(-\./

66



"(HOY) souniojsues j, O 2 ut

puUe ‘S[I0D) pIot, wnaqiinby (%) Suideyg pue (1) utepy oy ui sluoLInD o jo uuojoAr M [edA | €17 °g 2nSyg

(S)youwl]|

(V) 1uUSd4dnd

-

=

L
s =y

309

67



3.4 'The Ohmic System

The ohmic system in a resistive coil reactor can be made significantly different from that of a super-
conducting reactor, mainly because of the absence of peak ficld limitation in superconducting OH systems.
However, peak resistive losses can be significant, implying large cooling rcqui,remcnts'unless the ohmic trans-
former is not double swung. In this section, the characteristics of the system are described for fixed toroidal field
coil and plasma requirements. The high performance case of Pqy == 4.0 MW/m? is analyzed because of the

larger requircments.

3.4.1 Parametric Study of the OH Main Solenoid
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in Table 3.4.1.

The plasma requires 45 V-s for the whole pulse. The EF system delivers approximately 11.5 V-s leaving 34
V-sto be gencratqd by the ohmic heating trgnst;ormer. Of this 34 V-s, 10 V-s are required for the 20-s flat top of
the plasmé. The ohmic transformer has to deliver 23 V-s during initiation and 10 V;s during burn.

There are two parameters in the OH systém that can be made to vary: the bias, and the inner radius of the
OH transformer. The bias is determined from power dissipation considerations during the burn of the plasma.
Full double swing rcduces the requirements during start-up but increases the power dissipation during burn.
Also, of course, it-considerably reduces the peak stresses. In order to analyze the tradeoffs, requircments of
the OH transfbrmer have been calculated as a function of the bias. Table 3.4.2 shows the requirements both at
initiation, at the end of burn and the average dissipated power (necessary for cooling calculation). It is assumed

that the transformer is at T =+ 35 C and that the inner radius of the OH transformer is Rl,’OH = 0.40 m.
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It is clear from Table 3.4.2 that some bias is advantageous. The peak requircments at initiation are

drastically reduced if

Boh,end of burn

A= < 0.

Bah,prior to initiation

However, if A ~ —1, (double swing), the avcrage resistive power of the magnet is increased {(and so are
the cooling requirements). More importantly, the stored encrgy at the end of the pulse is increased, and this
requires larger power supplics for the shut-down of the plasma. A = ;0.6 is a compromise between the
initiation requirements and the average and termination requirements.

Table 3.4.3 shows the tradeoffs between stored energy, peak field in the transformer, resistive power and
pcak s‘trcsscs,in the OH transformer as functions of R, oy, the inner radius of the transformer. As the inner
radius of the transformer decreases. the stresses and dissipative -g;ower decrease at the e%peﬁge of an increase
in the stored cnergy (therefore inductive power) and field. Because the inductive power is significant, the
inner radius of the OH transformer should be as iarge as possible. At peak ficld, the OH transformer wouid
have about the same number of pulses as the TF coil, therefore, the pc:ik stresses in these systems can be
approximately the same. The inner radius of the transformer is then R oH= 0.40 m.

Figure 3.3.10 shows a typical waveform of the ohmic transformer current when A = AO for the high
performance case. |

The total OH requirements for base case operation are reduced from those of high performance operation
duc.to decreased plasma LI requiremernts (see Table 3.4.1). Table 3.4.4 shows the equivalent of Table 3.4.2 for
the basé casc fdr a burn time of 74n = 300 s. Note that the peak requirements in the base case are larger than

those of the high performance operation due to the increased burn time.
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3.4.2 lustrative Desing of the Induction Coil System

The induction coils of FED-R2 must provide up to 35 V-s of flux swing in order to maintain ignited
current drive for 100 seconds. To meet these ;/arious conditions induction coil system has been designed in
which the flux swing is from a high forward ficld to zcro or low reverse field and m which the induction coil can
be cooled in a manner matching the condition. |

The OH coil system is shown in Figure 3.4.1. It consists of seven coil pairs, each coil being mirrored in
the median plane of the machin_e. The system consists of four drive coil pairs (OH 1,2,3 & 4 of Figure 3.4.1)
and three guiding coil pairs (OH 5,6,7). The drive coils are cooled cither by liquid nitrogen or by water and the

guiding coils arc water cooled. The flux swing is gencrated primarily by the drive coils. The guiding coils reduce
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the OH coils are given in Table 3.4.5.

The main drive coil, OH1I, consists of a series of 50 pancake coils, each 5 cm wide and having 10 turns
(see Figure 34.2). The coil is wound with hollow conductor which allt;ws cooling by water or a cryogen (high
pressure ﬁelium or liquid nitrogen). Because the OH system is bias is -.06, that is, the field falls from 18.7T to -
11.2T during the pulse, the mean power dissip(;itiop is low.

Table 3.4.6 lists the global characteristics of the conductor system. Because the peak stored enefgy of the
induction system is large, 620MJ, a long charge time must be used if the power source is not to be excessively
large. However, ﬂ;e size of the power source is dictated by dissipation as well as stored energy and at room
temperature, that is, 110 MW. (The average dissipation power over the pulse is, however, 18.3 MW.)

The average heat transfer rate from copper conductor to coolant (either water or cryogen) is low even

though the peak rate is high. Thus the pumping requirements are modest.
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The forces and stresses in the OH coils are of two kinds; self generated hoop tension and axial compressive
stresses and inter-coil forces. These are listed in Table 3.4.7. There is a strong interaction between the OH and
EF coils, particularly between EF2 and OM7 and EF1 and OHS. The former intcrac;tion has been computed.
The major cffect is the inwardly directed force on the OH coil (and of c‘oursc the equal reaction on the EF
coil). The forces do not however, produce severe hoop stresses. There is also an axial reaction which requires
structural tics between the coils. In the matter of maintenance, coils OH7 and EF2 must be raised (or lowered)
in order that a TF scctor be removed. Because of the need to tic these coils together, they would be moved as a
unit.

‘The stresses developed }n coil OH1 are roughly as for an infinite coil because coils OH2,3 and 4 guide the
~ field lines so that radial flux density in OH1 is Iow'. Provided the interturn instlation in the pai:éakcs of OHl is
thin (as assumed it is 1| mm) the hoop stresls in the coil is only 152 MPa. However, if that insulation is thick or
soft, the hoop stress will approach 306 MPa. Because the radial stress is low the von Mises stress is close to 152

MPa also.
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TABLE34.1

Plasma Inductive Requirements

Pw;xll == 1.0 MW/m2 Pwa-ll == 4.0 MW/m2

(L1 piasma,maz (Weber) 25.2 357
®,... (Weber) ‘ 72 10.1
burn time (s) _ 160 100
Teo (keV) . 15 15
PEr iz (Weber) 3.1 114
Doy (Weber) ' 24.3 34.4
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A

Ooh,init (Pa)
Lok init (A)
th,mu (M
Poh,init (W)
Eok,init (M)
Ook, final (Pa)
L, final (A)
Bon, fina (T)
Foh,rinat (W)
Eoh, pinai(J)

Poh,average (MW)

0.0

5.36E+8

4.75E+7

29.9

2.81E+8

1.6E+9

0.0E+0
0.0E+0
0.0

0.0E+0
0.0E+0

19.8

TABLE 34.2
Characteristics of the Ohmic heating Magnet
as a function of

the bias in the OH System

Bnh,end of burn

A= Boier @ inisation

0.15 03 045 06
40SE+8  3.17E+8  255E+8  209E+8
A13E+7  366E+7  328E+7  297E+7
260 23.0 2046 187
2148 L6TE+48  LME+S  LIE+8
121E+9  945E+8  76E+8  624E+8
911E+6  285E+7  SI6E+7  T53E+7
62E+6  -LIE+7  -147E+7  -L78E+7
389 -6.89 927 112
479E+6  15E+7  27IE+7  396E+7
272E+7  85E+7  154E+8  225E+8
108 10.0 132 18.3

74

-0.75

L75E+8

272E+7

171

9.19E+7

521E+8

9.84E+7

-2.04E+7

-12.8

5.17E+7

293E+8

2.4

0.9
148E+8
25E+7
157
78E+7
442648
12 +8
225E+7
141
631E+7
3.58E+8

30.3




TABLE 34.3
Ohmic Heating System Characteristics vs R 1,0H

with A = —0.6 -

Ryon(m) ooy (MPa)  Eopp pex (M) Io11,maz (MA) Pou,rcs.maz(MW) Bort, maz (T)

75 634, 418, 192 302, 121
64.0 36l 46E. 212 175. | 13.3
564 74, - 0. 235 . 136 148
489 23, 559. 2.1 ' 119. 164
414 22 613. .0 T » 18.9
By 199, 671 Cons s 204
263 191, 728, 362 107. 23
1838 184, 781, 404 C 108, 254
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TABLE 344
Characteristics of the Ohmic heating Magnet

as a function of

A —_— Bah.endu/buvn
“oh,priarloinitintion

for Pyoy = 1. MW/m2

and Tyyen = 300 s

A 0.0 -0.2 -0.4 -0.6 -0.8 -1.0
Goninit (MPa) 676.  470.  345. 264 209.  169.
L, init (MA) 534 445 B1 B4 297 267
Boh init (T) 336 280 240 200 186 16.8
Pot init (MW) 355,  247. 181 139, 110. 88

Eoh,init (GI) 202 14 103 0788 0622 0504

onsinatMP2) 00 188 552 951 134 169.
L finat (MA) 00 -89 153 20. 237 267
Boh,finat (T) 00 559 959 126  -149  -I68
PivsinadMW) 00 987 2. 0. 702 888
Eon, inat (GJ) 00 0056 0165 0284 0398  0.504

Pohaverage (MW) 41.5 174 12.0 14.5 20.2 27.2
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TABLE 3435

OH Coil System - Coil Parameters

98] (2) ~ Inner | Outer Zy Zy . Pcak Copper Peak
Amp Turns Radius Radius Coordinate Coordinatc Current Density  Field
Coil § MA turns m m m m kAcm 2 Tesla
1 18.63 500 05 1.0 0 125 1,675 183
2 3726 100 0.65 115 125 1.50 1.675.
3 3.726 100 .85 135 150 . L75 1.675 _
4 3.726 100 1.05 1.55 1.75 .20 1.675 . :
5 0.04 1 225 2.5 225 .25 894 (3)
6 155 4l 35 3755 125 L5 894 (3)
7 0.24 6 45 475 15 175 894(3)  126(4)

(1) One half of a mirror image system.

(2) 'The system operates with all coils in series at a peak current of 37.26 kA. The amp-turns indicated
are those computed to gencrate the required fields and flux. The product of turns and actual operating
current differs slightly from values computéd from plasma MHD requirements.

(3) . Based on EF coil conductor.

(4) Ficld due to EF2 at pecak current.
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TABLE 34.6 A
OH Coil System - Global Parameters

Peak flux 33.5V-s

Peak field strength 187T
Peak current 77.26kA
Inductance : 1.39H
Stored energy 968 MJ
Charging voltage ' 5.18kV
Discharge voltage 259kV

Water Cooling (coils 1,2,3,4)

Peak dissipation 103.8 MW
Average dissipation (110 secs) 122 MW
Average heat flux (coils 5,6,7) 44 Wem™2
Peak dissipation 143 MW
Average dissipation (110 secs) 1.5 MW

Liquid Nitrogen Cooling (coils 1,2,3,4)

Peak dissipation 18.3 MW
Average dissipation (110 secs) 2.1 MW '
Average heat flux 0.8 Wem—2

Temperaturc at end of pulse, no cooling 87K
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TABLE 34.7

OH Caoil System - Force and Stresses

OH1

Peak inner hoop tension (floating shell) 306 MPa
Peak inner hoop tension (radial support) 152 MPa
Pean radial pressure on insulation 4.6 MPa

OHT7 forces due to peak current in EF 2;

Axial force . 4.08 MN
Radial force . -7.79 MN

OH?7 forces due to OH system at peak current: -

Axial force , - ~0
Radial force ' +0.19 MN
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4. MAGNET STRUCTURES ENGINEERING |

4.1 Summary

The structures engincering effort on the FED-R2 magnet indicates adequate structural integrity. The

critical regions are the throat and the zone around each port.

5.

“The activities involved examination of the following:

Identification of material structural design criteria and measured properties, (this section).

Stresses in the throat due to Lorentz forces (Scction 5).

-

Load transfer between copper and reinforcing steel at neutral beam ports and within a turn (Section 5).

Ornmmetrmaimt of tovmninem A ¢4 tha T o amnebe Sotamnatinm lades nme ¢ 1.4 (Q e nblmam
SeVIIOLI UL WU WWIIOIVEL WUS WY UL AUV, BtV UL LU UL LYY UL L I LN LIVLE

4
1}

)

5).

Thermal stresses in the throat due to joule heating in the copper (Scction 5).

This section summarizes the magnet structural consideration and the materials data.
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4.2  Introduction

4.2.1 Basic Structural Design Philosophy

The purpose of the structures engincering effort has been to generate a configuration that appears capable
of satisfying the mechanical requirements of the magnet in a manner consistent with the physics goals. Problem
arcas were idcmiﬁcd to .which sojutions have been found that meet the basic philosophy.

As a result of the design studies, it is possible to claim that the current conﬁguration' appears structurally
feasible for the intended FED’-RZ mission. ('The design has not. been ()ptin{ized). Also, there are arcas that will
require furth;:r study during the detail design phase, such as the regions aro_unq the ports.

The design of the colu.w;_)c.r cond.ucto.rAin‘ cach plate is dictated primarily ‘by clectrical ncc&s and the forces iﬁ
the throat. The steel transmits vertical and radial forces between u.pper and lower ﬁmgnet halves at the outer

boundary and is THE primary support of the torsonal loading.

4.33 Design Constraints

The magnet structure must clear the vacuum vessel. It cannot encroach on the cy]indr.ical space for the
ohmic heating coil. The vertical dimensions otfcf relative freedom of choice, as doces the outer radius. However,
fabricability, handling and cost dictate the desire for as small a size as possible.

The sixteen ports restrict the space available ‘for structural material at the outer boundary of the magnet.
Similar restrictions exist at the 16 flanges that contain the ports. Support of the vacuum vessel also affects design

details of those flanges as well as the 16 split closure flanges.
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‘There are structural complications from the presence of the ports and the cross-over copper turns which

cause deviations in the load paths from the top of the magnet to the bottom.

4.4  General Structural Requircments of the Magnet

The structural requirements arisc from the pliysics performance demands on the system. 'I‘hg toroidal field
at the radius of the compressed plasma dictates the magnitude of the inplane Lorentz forces and the poloidal
ficld controls the torque to be applied to the TF coil. The plasma behavior generates the radiant flux spectrum
and fluence. The pulse leads to temperature fields as a ﬁmction of space and time: however, thesc have not been
énalyzed in detail. |

The gc_f)megric f:(_)x_lstraims on the coil are rc.ﬂccted in the magnetic ficld distribution which, ‘irl turn, _iqger_-
acts with the current pattern to produce the Lorentz forces. Conscqucntly,. the TF coil serves the dual function
of providing a magnetic field and resisting the forces produced by it.

| The magnet struct.ure must be capable of withstanding 1000 cycles at full fiéld and 5000 cycles at 273 full
field. There will be 10 cycles of poloidal field for cach cycle of toroidal field. The minimum fatigue factor of
safcty shall be 4 based on life. The applicd stresses shal) include those induceél by. thermal gradients.

Survivability entails resistance of the structural materials to daxnagg from an anticipated fluence of _102.0
neutrons per square centimeter and 101! rﬁds of gamma radiation.

Fabrication of the magnet involves crection loads that must be withstood without compromising structural

integrity. It also must be possible to perform maintenance by remote control for repair and general tunecup of

the system.
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4.5 Magnet Structure (See Section 5 for related figures)

The magnet is an array of 384 copper BITTER plates slit in the median plane at the outer boundary cur-
rcm‘ path. Stecel plates in that vicinity transmit \;erticzll forces between upper and lower magnet halves between
ports and adjacent to ports where the copper plates are split. Keys are inscrtqd between plates to provide
shearing capacity for that purposc. The circumferential stress at the outer boundary is too small in compression
to generate frictional shear for load transfer.

The keys also transmit shears induced by poloidal loading on the magnet. Calculations indicate that
virtually all torque is resisted by the outer leg, |

Consideration was given to the use of outer boundary backing rings a‘s in ALCATOR and ZEPHYR. That
coneept wag set agide for thig preliminary design, however, because of the difficult maintenance problem. The
use of cement, for shear strength, also was considered and set aside on the grounds of uncertain reliability.
However, it is retained as an assembly p‘rocedure.

Hardened copper plates would be wclgied to form each Bitter plaie. The high von Mises stress in the coil
(relative fo the yield strength of copper at a weld), is expected to be circumvented by the arrangement shown in
Figure 3.1.2. The copper plates would be keycd to the steel plates for load transfer as mentioned above.

The thin grp (glass reinforced plastic) insulator material prevents shorts and.breakdowns between adjacent
plates. Consequently, it is subjected to mechanical as well as electrical stresses. Only the mechanical behavior is
discussed in this réport. However, a preliminary study indicates that the insulator resistance will be satisfactory

to the end of the design life of the magnet.
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4.6 Materials Structural Design Criteria

FED-R2 is purely for rescarch purposes. It will not be a prototype for a power producer. In that context,

it was decided to base the structural reliability analysis on two criteria: the stress intensity shall not exceed

the clastic limit at any location-and there shall be a fatigue life safety factor of 4. In the absence of fracture

mechanics data, it was not possible to conduct a meaningful crack growth analysis. However, the large reduction

in arca of cold worked oxygen-free copper is taken as an indication that crack growth from small flaws would

not be a problem.

The philosophy has been translated into the following relations for allowable stress, the lowest value of

which shall govern the design:

[

[

- aombn nead 1 I

274 aF tha DN YVctrain afant cinld o - £ ; , nomn Tnada e 112
374 of the 0.002-strain-offsct yickd strength for primary mombranc 1oads on mctallic componcenis and 1/

of .tlic ultimate compression strength for grp cpmposites.

The yicld strength for primary bending or combined bending and membrane stress.

Two times the membrane allowable stress for combined méml)'ralr_c; bending and thermal stress. The
damaging effect of nuclear radiation shall be included in selecting allowable stresscs.

The cyclic stress (with R = 0) from the best available notched-pléte fatigue data, for 4-times the an-
ticipated number of operating cycles. Miner’s criterion will be used for combined loéad levels with the

cycle ratio sum cqual to, or less than, 1/4 (A crack propagation criterion also should be used when

- sufficient data become available for copper and grp composites.)
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4.7 Material Properties

The basic copper in TF coils is 60 percent cold worked oxygen free. At 100 F or 38 C, (a reasonable mean
upper value for the expected temperature range), the yield tensile strength is 46 ksi (320 MPa) and the tensile
ultimate is 50 ksi (345 MPa). Reduction in area is 75 percent. A representative notched fatigue curve is shown in
Figure 4.1.

For a typical high strength stainless steel plate, the ultimate tensile strength is 160 ksi (1100 MPa) and the
yield strength is 93 ksi (60 MPa). Actually, the applied stresses are well below those values so the steel is not a
critical item,

Compression fatiguc data for irradiated G-'IOCR sheets appear in Figure 4.2 from section 6. The dose is
in excess of 101! rads, equivalent. ’_i’he ultimate compression strength at RT is typically A0 _l_mi_(dlid Mpa) for

-

irradiated G- 10CR.

4.8 Allowable Stress

On the basis of the design criteria and material properties, the allowable stresses of the magnet materials

are also shown in Table 4.1.

87




SATDAD
50l LO1* S | Mol m.O‘.xm, Lol
| _ 02
oSl 1
"
Il_
0
D o2 T
% T0€
o
Y ose
& +0v
> 00¢c +
(BdW LLE) 1sH)op= My
Ose 7 (Bdi SYE) LSY 0§ = "o Yoo
Bl -
SS341S =

0 = SS9J43S WnUiuLK
UMOYS SS3JS WNuEXey

340M PLOJ Ju3d43d (9
‘aaddo) 9344 udbAxQ pajerpeddiun aAan) anbirjeq psyojoN- L'F eunbiy

ISM “SS3YIS

88



Vd N

" ‘juajeAtnby spey ({0l = 9JUSN|4 “BIEP 1591 ANBLIRL UOLSSAUAWOD Q-5 PIJRLPRII] = Z'y 24nbi]

9 S

69

S3T0AD 40 YIGWNN

Ol Ol No) Ol

N

Q

Q

I T W S |

QO
O
ISHSSIULIS UVId

89



Table 4.1

Room Temperature Material Allowable Stress, MPa

Material Mcmbrane Membrane + anding Fatigue

cbpper, 1/4 hard 240 320 NA
steel 480 640 figure 4.2
fiberglass, 138 NA figure 6.2

(polyimide + S glass)
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5. STRESS ANALYSIS

5.1 Introduction

‘The final design of the FED-R2 is the result of extensive computerized structural optimization of the
toroidal ficld magnet dimensions and materials. The puramctcrs.undcr variation included the major and minor
radii of the plasma, inner and outer major radii of the magnet, the bore scrape-offs, plasma clongation, the
height of the magnet and the amount of steel reinforcement. The analysis included cvaluation of plasma
parameters, power consumption, plasma heating and cooling of the resistive magnet.

It was decided that at the current stage of the design finite element a;m]ysis of the magnet structure is not

jisaeiBad Llaae ime tlaa thaial cla ATl bl anen amsasciban A Ann dnsialomad 6 RATT el Jamnciland fon tlon A cnanawe dien
JUILILIvUL. LWL YV, WV USIWA ARl UIvUL Y LuLIpLULGE VUAILD UL YLIVPANG At LYELE dlIU UNOLLIUL Ut UL NpPpLviiviA

provide sufficient analytical data for structural evaluation. Therefore, all the optimization studics as well as the

finai stress analysis were performed on the basis of that theory.
Described in the Appendix are the basic cquations.of the theory 'o}' thick orthothropic toroidal shells acted
upon by in-plane and out-of-plane Lorentz forces and thermal loads, and the computer codes which implement

the theory numerically.

5.2 Structural Assembly (See Section 4.5)

The outer limbs of the 384 1/4 hard copper plates are cut at the midplanc of the magnet to provide for the
current connections between adjacent plates. This reduces substantially the load carrying capacity of the plate in
this region which is compensated by the stainless steel reinforcement inserted between adjacent copper plates.

A schematic plan view of the assembly appears in Figure 5.1.
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The stainless steel wedges play a significant role in the load carrying capacity of the magnet structure,
against the in-plane and out-of-planc forces. The keys transmit the copper plate loads to the stainless steel
wedges. For this purpose slots are machined in the copper and steel into which insulated hardened copper keys

arc inserted during assembly and electron-beam-welded in place.

The keys are pressed into the slots machined in the stainless steel wedges, extending by 8 mm on both faces
of the wedge. All keys are 9 mm wide. The key length varies with the poloidal angle according to the varying
width of the TF coil. Matching slots are machined on both sides of the copper plate, into which the keys are
embedded. The slots in copper are 11 mm wide and 8 mm decp which provides room for ilisulznlion.

The keys sccure the interaction of the copper plates and stainless steel wedges under the action of in-
plane and torsional loads applied separately or simulwncously. The shear is induced by the trﬁnsf‘er of in-plane
Lorentz forces from the copper plates to the steel wedges. They act primarily normal to the poloidal meridian of
the plate-wedge system. The torsional shears are induced by the interaction bf the poloidal field with the current
in the toroidal coils. Those shears act primarily along the poloidal meridia.n' with a small component normal to
the meridian.‘

As as result of that situation, the keys are long rectangles oriented normal to the poloidal lmcridian. The

proportions of the sides reflect the relative magnitudes of the shears flowing along and normal to the meridian.

The keys resist the shear load accumulated over the pitch between keys. The key dimensions are controlled
by bearing on the height of the organic insulation and by shear across the hardened copper bar.

There is a large poloidal variation in the mag.nitude of the in-planc Lorentz forces being transmitted from
the copper plates to the stainless steel wedges. It is computed on the basis of the contribution of copper and

steel to the structural resistance. At the inner tip of the stainless stecl wedge this fraction is zero and is about
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76% at the middle of the outer limb. The shear from the in-plane forces is resisted by the short poloidal edges of
the keys. In order to minimize this bearing pressure on the insulation, the keys are arranged in two meridional
rows as shown in Fig. 5.3.

In addition to the key slots, which contribute to the weakening of tJ.m copper and steel, there are also
cooling channels on one side of the copper plate. All these singularities are taken into account in the analysis, to
yield the effective cross-sections of the participating structural elcments.

The magnet is assembled in 16 modules each of which consists of 24 Bitter plates and stainless steel rein-
forcing wedges. The modules are faced with closure flanges. The presence of the closure flanges and the sixtcenb

rectangular ncutral beam port windows was taken into account in the process of computation of the effective

“meridional, circumferential and shear moduli of the orthotropic material of the magnet structural model.

5.3 Structural Model of the Toroidal Magnet

Initial structural studies indicated that if the outer contour of a rectangular Bifter plate ié modified by
cropping the corners so that the outer contour is more consistent with the contour of the magnet bore, the stress
situation in the throat of the magnet improved. In addition to that, by cutting off the corners of a rectangular
plate, more room is created for positioning the ohmic heating coils and the equilibrium ficld coils, as shown in
Figurc 5.4, and the weight is reduced.

The vertical radial cross-section of the -toroidal magnet and the thick toroidal shell model outline are
shown in Figure 5.5. The inner and outer surfaces of the shell are generated by rotation of two eccentric ellipses

(A and B) about the toroidal axis R = 0. The computer code generates all the gcometric parameters of the
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midsurface of the orthotropic toroidal shell of varying thickness. These parameters include the major toroidal

radii, principal radii of curvature and thickness.

5.4 Stresses in the FED-R2 Toroidal Magnet

5.4.1 Magnet Parameters

The stress analysis was performed for the toroidal magnet with the following parameters:

Magnetic flux at the piasmacenter 71T

~ Plasma major radius 2.64 m
Plasma minor radius 0.63m
Plasma elongation - . 1S
Plasma-TF Coil distances

midplane iﬁboqrd 0.40m

top 040m

midplane outboard 0.60m
Magnect inner major radius 0.830 m
Magnet outer major radius 4.85
Magnet height 3.67m

Current in a Bitter plate 0.244 MA
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54.2 In-plane lorentz l.oad

The stresses generated in copper under the action of in-planc Lorentz forces are shown in Fig. 5.6-5.8.
Figure 5.6 presents the primary membranc and bending stresses in both meridional and circumferential direc-
tions. The meridional mémbranc stress is cvcrywhgtrc tensile and has a maximum of 111 MPa in the throat.
The circumferential membrane stress is compressive between the throat and the magnet crown and tensile
with the maximum magnitude of 7.8 MPa between major radii of 2.66 and 3.68 m. The maximum membrane
compression in the throat is 63 MPa.

There is a substantial meridional bending in the throat region. The maximum meridional bending stress
on thc' plasma side of the throat is 76.5 MPa. There is also bcndéng in the circumferential direction. The
circumferential bending stress in'the throat region s 48 MPA which decays rather rapidly to 2 small v
about 3-5 MPa at toroidal radii greater thz;n the major radius of the.crown. '

Figure 5.7 shows the distribution of the combined membrane and bending stresses along the magnet
meridian. The maximum meridional stress (188 MPa in tension) occurs m the inner fiber of the throat. The
maximum circumfercntial value, at the outer fibers of the thoat, is 112 MPa in compression. The meridional
combined stress in the outer fiber of the throat and the circumferential combincd stress in the inner fiber of the
throat are small compared to the above mentioned values.

The cquivalent von Mises membrane and combined stresses are shown in Figure 5.8. The maximum
membrane stress is 153 MPa and the maximum combined stress is 196 MPa. Both occur in the throat.

The static load factors of safcty (FS) arc,sum;narizcd in Table 5.1. The steel stresses are small and are not

reported.

All the stresses are given for the plate situated in the middle between two adjacent ports, and as the
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detailed FEM analysis for the ZEPHYR reactor showed, are the highest.
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TABLES.1
“bfStatic LLoad Factors of Safety in Magnet
(Throat Region is Critical)

1000 cycles

FS =(Allowable Stress)/(Applied Stress)

Material  Allowable Stress (MPa)  Applied Stress (MPa)  ES

Copper 320 196 1.6

Insulator 138 63 - 22
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5.4.3 Out-of-Planc Loads

The out-of-plane loads are antisymmetric with respect to the midplanc of the toroidal system, and result in
torsion. The torsion is resisted by the shear strcsscs which are directed tangentially to the poloidal meridian at
the copper-steel interface.

‘The structural model of the torsional behavior of the toroidal magnet takes into account the. existence of
such geometric and material singularities as the access ports, closure and port flanges, key slots and cooling
channels, as well as the copper discontinuity in the middle of the outer limb.

It should be emphasized that the presence of the neutral beam ports substantially reduces the shear
stiffness of the structure in this region where the shear stresses are th'c highest. This is due to' the fact that at the
midpiane they are resisted by the cross-section of the stainiess steel wedges énd flanges oniy. .-

The distribution of shear stresses along the poloidal meridian as a‘ function of the poloidal angle is
presented in Fig. 5.9. As can be observed, the maximum shear stress of 23.8 MPa occurs at the midplane, on
the plasma side of the outer limb. ’On the opposite side of the outer lims the maximum shear stress is 16.3 MPa.
They hold within the poloidal angle range correspondihg with half of the port height. Above the port ceiling the
shear stress decays rapidly to an average of about 6 MPa, and reduces gradually from this level to zero at the
crown of the magnet.

"The shear stress levels presented in Fig. 5.9 were used as the basic values for key sizing.
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5.4.4 Sizing of the Keys

As mentioned above, the keys are directed normal to the poloidal meridian. The height of the key is
restricted by the thickness of the parallel-faced portion of the c;)pper plate which is 3.5 cm in this design, The
height of the keys was -choscn to be 8 mm, which is also the depth of the slots in the copper plate. The width of
the keys is 9 mm. The pitch between the keys vaﬁcs in accordance with the level of torsional shear stresses in
cach particular region and with the fraction of the in-planc Lorentz load being transmitted from copper to steel.
The distribution of the latter with respect to the poloidal angle is shown in Fig. 5.10. The key dimensions were
chosen to keep the applied copper and insulation stresscs below ﬂlé allowable values shown in Section 4.

There are two meridional rows of keys which have the same cross-section. Corresponding to the stress
levels there are four different areas in_the. anter limh with fonr different nitches between keve . Thege are

summarized in Table 5.2.
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TABLES.2

Key Data

Region Poloidal Angle Pitch  Key length in each

Range (deg) (cm). meridional row(cm)

1 0—30 6 18
2 30—50 8 30
3 50—70 5 32
4 70—90 28 30-
"ATION  coincides with the radivsof curvature oﬁh‘;\a;@mma
Key width - 9mm (TYP)
Key height - 8mm (TYP)

Insulation thickness - 1mm
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5.5 _Thermal Stress

Thermal stresses were calculated on the conservative assumption that a throat region two thfoat-thickncsses
long would be 35C hotter than the remainder of the magnet. The magnet was modelled as two infinitely long
cylinders, one on each side of the ring. Figure 5.11 depicts the configuration.

'I‘h;: corpputation was performed using ring-cylinder interaction theory. It indicated a toroidal bending
stress of 117 MPa. This would cause no problem if the design criicria of Séction 4 arc assumed to apply to the

combination of thermal and Lorentz stresses.
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5.6 APPENDIX

Reprint 82-PYP-52, Preseated at ASME Meeting in Florida.

ANALYSIS OF TOROIDAL MAGNET SYSTEMS ON THE BASIS OF
THE REISSNER SHELL THEORY

E.S. Bobrov, J.H. Schultz
Francis Bitter Nationel Magnet Laboratory
Plasma Fusion Center
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

ABSTRACT )
My ’M2 ,M12 ,MZl stress couples, Nm/m

A method for analyzing the structural behavior N number of toroidal turns
of toroidal magnet systems subjected to Lorentz forces
both in and out of the winding planes, and thermal NN
loads is considered in this paper. The toroidal coil 1,72,
assembly is treated as a finite thickness, ortho-
tropic, rotationally symmetric shell of revolution Ql Q transverse shear resultants,
acted upon by symmetricel and antisymmetrical lcads. s 2 N/m
The equations based on Reissner's shell theory are
derived, and numerical solutions are presented. The

membrane stress resultants,
N/m

Nyp By

disgtributed sheer znd normal

. q
method is an efficient design tool for the analysis 2,93 loads, N/m2
and shape selection of toroidal magnet systems and ’
their structures, such as the in-plane and out-of- r toroidal radius, m

plane load support systems for closed megnetic con-

é‘ineme:t zfxachines, e.g. tokameks, stellarators, and R R2 principal radii of curvature
umpy tord. . , 1 of middle surface, m
NOMENCLATURE s 4 ’ distance measured along the
meridian, m
B, : toroidal tic fi :
t ored megne field, T T’To Tl temperature increment and
B vertical magnetic field, T ’ temperature resultants, °C
v
. 2 U,V,W components of midsurface
E. E_E Young's moduli, N/m [ .
1,72,73 &' . W displacement, m
F fo
z vertical force, K z midsurface normal coordinate
2
G, G ., G shear moduli, N/m
12,713,723 » W a.l a2 ) coefficients of thermal ex-
h shell thickness, m ’ pansion
I electric current, A Bl 82 angles of midsurface rotetion
* Y .
Y12 Yl3 Y23 shear strains
’ L
Y Y effective transverse shear
13m, 23n strains
el €y E3 axial strains
" ’ *
Contributed by the Pressure Vessel & Piping Division €. Som, S1om effective midsurface strains
of the ASME. T
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] tangent of angle of meridian
K K, K effective midsurface-curva=-
1, 2, 12

ture changes
uo magnetic permiability of

vacuum, H/m

Toi '
vlz’le,v23 Poisson's ratios

g, 0,0 axial stresses

l) 2’ 3
R S ¢
.le, 13,723 shear stresses
] equatorial coordinate
Q Lagrangean multiplier func-
tion
INTRODUCTION

This paper presents equations of orthotropic,
rotationally symmetric toroidal shells of finite
thickness subjected to symmetrical and antisymmetri-
cal loads, including thermel locads. These equations
were derived using the approach developed by E.
Reissner (1) that allows to teke into account the ef-
fect of transverse stresses on the deformation of
the middle surface of the shell and consistently
omit terms which are small of order h2/R<.

The equations are used to model the structural
behavior of discrete and continuous toroidal field
(TF) magnet systems subjected to in-plane and out-of-
plane Lorentz forces and experiencing orthotropic
thermal expansion or contraction.

The utilization of the theory of orthotropic
shells of finite thickness for the structural analy-
sis of the TF magnet systems is found to be very ef-
ficient, particularly in the process of initial-
shape selection.

The earliest and the most popular TF coil con~
figuration, known as the Princeton D shape, was first
derived in (2) by considering the equilibrium of a
plane filament in pure tension subjected to a distri-
buted normel load inversely proportional to the
toroidal radius. The inner leg of this coil is sup-~
ported by a stiff cylinder to react the unbalanced
centering force. As shown by several authors (3-5)
substantial bending stresses are revealed by detailed
analyses of TF magnet structures designed to follow
the pure tension trajectory. Large bending stresses
were also found in the compound-constant-tension coil
configurations derived in (6). These bending stresses
were partially expleined by seversl factors, includ-
ing the finite thickness of the coils in real tokamsk
structures(7), nonuniformity of the toroidal field
due to the discrete character of coil placement(8)
and the violation of the compatibility conditions at
the jJoining points of different "pure tension"
shapes Qg),Almost no consideration was given to the
effect of the intercoil structure (to support the
out-of-plane loads) on the coil shapes.

An impcrtant contribution in the modelling of
toroidal magnet systems was the membrane shell model
developed by Gray et al (10) which teck into
consideration the circumferential stiffness of the
magnet assembly. A bending free membrane shell
shape was derived. It was substantially different

from that of 2 constant tension filament. Unlike the
significant shape deviations described in (11) ard
(12), the deviation from the D trajectory happens in
the membrane shell consideration naturally, inde-
pendent of reaction forces or finite thickness ef-
fects. Unfortunately, there is an inherent strain
incompatibility at the crown of a toroidal shell in
the solution to the linear membrane theory (13).
This incompatibility introduces bending stresses in
a shell with finite bending stiffness, as demon-
strated below.

This analysis and design studies (1) call into
question the entire approach of searching for an op-
timal shape to minimize bending stresses. The an-
alysis presented in this paper shows that typical
tokamak reactor designs (14) with sufficient struc-
tural case material to withstand tensile stresses
have sufficient bending stiffrness to react the bend-
ing stresses, which were found to be less than 50%
of primary membrane stresses, for the two shapes con-
sidered. Furthermore, design studies (1l) of high-
cycle, inductively driven tokamaks showed that case
thicknesses were dominated by pulsed out-of-plane
loads. The possibility of low-cycle operation for
all the major toroidal confinement systems requires
a capability for the rapid scoping of complex inter-
related structural and physics trade-offs which is
substantially advanced by the inclusion of the out-
of-plene load induced stresses in the model describ-
ed below.

BASIC EQUATIONS

Following E. Reissner(l) we derived a basic
set of equations of rotationally symmetric ortho-
tropic shells of revolution of finite thickness. The
equations take into account the effect of transverse
stresses on the deformation of the middle surface of
the shell and retain terms of order h/R in compari-
son with unity. This is essential with an h/R ratio
greater than 1/20. In order to distinguish the
structural response of toroidal coil systems to sym-
metrical (normal pressure due to the toroidal field,
and temperature variation) and antisymmetrical (tor-
sional shear due to the vertical field) loads, the
equations are presented in two respective groups of
which the first corresponds to the symmetrical load
and the second to the antysimmetrical load.

Symmetrical Load

In this case the shell is subjected t0 a me-
chanical pressure caused by toroidal field By

8ﬂ2r
and rotationally symmetric temperature distribution
T(s,2z). The temperature distribution in the shell

is accounted for in the usual manner by means of the
integrated temperature effect of the form

n
-

h
T (s) = %fi ™(s,z)dz < (2)
“2
B
Tl(s) = %/2 zT(s,z)dz (3)
h h
T2
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Fig. 1 Differential element of a shell of revolu-
tion under symmetric loading.

Equations of Equilibrium. Stress resultants
and stress couples acting upon a differential ele-
ment of the shell are. in case of a symmetrical load
as shown in Fig. 1. The equations of equilibrium in
this case are

an ,1ér - A

as *ras (M YRS Rt (4)
oM N, de,lar, (s)
By "Ry ds Trds9=-93

(6)

L]
o

- an ,ldr -
9 + ds T rds (My - M2)

Stress-Strain and Strain-Displacement Rela-
tions. If the material of the shell is orthotropic,
the following relations are true (15).

-1 _ -
€ = 5,00 = V19 - V3%) (1)
= X -
€ = Ep= V1o 9y + 95 = V3.T3) (8)
= L (- -
€3 = g5 (" V13% - Vas% * %) (9)
g
Yyq = T (10)
13765 13
and
Yo Yz Yz Vm a3 Va: (1)
E, B 'E, E °’E E

2 1 3 1 3 2

The stress-strain relations for the shell are
obtained by minimizing the strain energy expressed
in terms of stress resultants and stress couples,

with equilibrium equations (4)-(6) es side condi-
tions, using Lagrangean multipliers.

€ = 0yT, * T "G}"‘ﬁl S
m ° 1 1 "2/ En

2 271 E h3

¢ =arm +12(M2-v]2MJ)+(_h___r_1_>:~J
2

E h2

— N N A
,:(\)13 R + 0.2 Vo3 R )Nl + 1.2 Va3 R N{l (18
3 1 2

The effective midsurface strains and midsur-
face curvature changes are expressed in terms.of the
effective midsurface linear and engular displacements
u, w, and Bl

E1m = ds + R, (a7
1
=+ ér A
Com®r @G YT R (18)
2
- dw _u
Y13::1'81"<1s’1al (19)
= 48
K= 5 (20)
. -lar
T s1 (21)

Antisymmetrical Load

In this case the load applied to the midsur~
face of the shell is the distributed shear

a, = %ﬁ%; cos O (22)

which is antisymmetric with respect to the equetor-
ial plane © = t n/2,
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Fig. 2 Differential element of a shell of revolu-
tion under antisymmetric loading.

Eguations of Equilibrium. TIn case of an anti-
symmetrical distributed shear load (22) only shear
stress resultants and shear stress couples are gen-
erated in the shell as shown in Fig. 2. The equili-
brium of the shell is described by the following
four equations. e

v 1 dr 92 . _
s T 7 s (2t V)t B "% (23)
a2 1 dr -0 =
s T F ds (Mot Ma R0 (2k)
- M2 My _ .,
Np =y * 3 R, U (25)
1 2
- M _9-2- L L (N + N )=o (26).
Mo =¥ - 55 R, B, V12 " a1

Stress~-Strain and Strain-Displacement Rela-

tions. The constitutive relationships (Hooke's law)

if only shear strains and stresses are involved are
expressed for an orthotropic material in the form

1 1
Yom = 2= Ty Yoa = =— T (27)
12 612 12 23 G23 23

Minimization of the shear strain energy ex-~
pressed in terms of shear stress resultants Nj2, Npj,
Q23 and shear stress couples M1p and Mpy yields three
constitutive relationships

. 1
€12m = 5G. .n (N12 + Nel) (28)
12
1.2
Y = - (29)
23~ Gy %

© = —23

12773 CP %51) (z0)

612

Utilization of the four equilibrium equations
(23) - (26) by means of the Lagrange multiplier
method leads to expressions for the effective midsur-
face shear strain and curvature variations in terms
of the effective midsurface linear displacement v and
angular displacement 82.

» .
1,dv  1dr 21 1
€om=2\3% " r s RS R R, @ (31)

1 2
1 fagp  1dr
2\ ds T ds 82> ) (32)

L/l _1\dav , 1ldr

4 (R2 - R,)(;s *ras t) (33)
- V_ ’

Yo3n = B2 7 k] (34)

NUMERICAL IMPLEMENTATION AND RESULTS

The solutions to the equations presented above,
with appropriate boundary conditions give a complete
description of the behavior of an orthotropic shell
of revolution, of finite thickness.

In order to obtain the necessary quantities

L1, ldr
ROR, and T35 0

which enter as coefficients into equations, the me-
ridian of the shell should be described as a function
of s or r, either analytically or in a tabulated form

The geometrical identities used to describe the
shell of revolution are:

dr _

e cos © (35)

1 _ alsin 8)

L.dsno) (36)
l,

1l _sin 6

- (37)

A computer code for the finite difference so=-
lution of the two groups of equations corresponding
to symmetrical and antisymmetrical loadings has been
developed. In order to complete the analysis, the
code requires the analytical or tabulated expres-
sion for the shape of the meridian in the form

sin 8 = £(r) (38)

105




along with the inner and outer toroidal radii, ef-
fective material physical properties, and the number
of ampere~-turns.

The meridian shapes presented here as examples
are a circle and the "bending free" shell of Gray
et 81 (10). Both shells have dimensions of the tor-
oidal field coils in the Fusion Engineering Device
(FED) described in (14), i.e., rip = 2.1l m,
Toyut = 10.5 m, NI = 115 MAT, effective shell thick-
ness h = 0.66 m and a coil case thickness 0.08 m.
Figure 3 shows the meridians of the circular and
"bending free" shells analyzed in this paper, along
with that of a Princeton D.

. .
40F z/1ip PRINCETON D

"BENDING FREE"

3.0 CIRCLE

1

394 492

| 1.98 296
r /I';n

Fig. 3 Meridians of circular, "bending free", and
Princeton D tori for FED aspect ratio.

The results of the analyses are presented in
Fig. b and Fig. 5. -Figure 4 shows the distribution
of the effective meridional and circumferential mem-
brane stresses in the coils and intercoil structures
of both shapes. The effective meridional and circum
ferential bending stresses in the extreme flbers of
the structural elements are as shown in Fig. 5. For
the circular configuration the primery tensile stress
at the inner leg at the eguator is 151 MPa while the
peak bending stress is 54 MPa. For the "bending
free" configuration, the primary tensile stress in
the inner leg at the eguator is 139 MPa, while the
peak bending stress is 66 MPa.

This demonstrates that if the finite thickness
of the magnet structure is accounted for the "bend-
ing free" configuration proposed in (10) has bending
stresses which are proportionally as large as the
bending stresses in the circular configuration.

Since the total upward force on the upper half
of the coil system must be

2
- NI r
F, = EQ&—-LT( tn mrin (39)

or 2122 MN, the theoretical minimum tension is 1061
MN in the inner leg, giving an average stress of 120
MPa in an ideasl constant tension coil. Thus, the
tensile stress in the inner leg at the egquator for

160r © CIRCULAR TORUS
A "BENDING FREE"TORUS

—EIZO ]
e ;
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¥ 40r
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[+ Pal® - £ *
D-40F -7 [
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S V2 — MERIDIONAL STRESS i
= v ~-=- CIRCUMFERENTIAL STRESS

-80F A

/l

120
Fig. 4 I&ffective membrane stresses in circular and
"vending free" coil structures with FED dimensions.
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Fig. 5 Effective bending stresses in the extreme
fibers of circular and "bending free" coil struc-
tures with FED dimensions.

cireular coil is 1.26 times the theoretical minimum,
while the tensile stress for the "bending free" con-
figuration is 1.16 times the theoretical minimum.
The primary stress in the "bending free" shape is
8.5% smaller than that in the circle, while the
perimeter of the "bending free" configuration is 18%
greater than that of a circle, implying that the
circular configuration requires less mass for a
given set of stress allowables.

CONCLUSIONS

An efficient method of analysis of toroidsal
msgnet structures of arbitrary configuration, and
subjected to electromechanical and thermal loads has
been developed and numerically implemented.

It has been found that due to the finite thick-
ness of realistic magnet structures and discontimuity
of the displacement field present in the linear mem-
brane theory the "bending free" shell configuration
derived in (1Q) has bending stresses. <

The whole concept of shape optimization based
on minimization of bending stresses is called into
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question. The design strategy of simply making the
toroidal field coils circular or as small as possible,
within the constraints of reactor assembly and main-
tenance can be recommended as an alternative. Re-
actor concepts with all external vertical field coils
could be substantially reduced in weight and cost by
using low profile coils.
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6. INSULATOR MATERIALS INVESTIGATIONS

6.1 _Introduction

MIT has conducted an investigation into the survivability of organic insulators in connection with the
design of the I'TR magnet for which the anticipated fluence was 10!! rads cquivalent. The method used to
measure the propertics of the insulator is shown in Figure 6.1. ‘The rcsu-lts of the fatiguc tests are shown in
Figurc 6.2. Work is continuing in that arca on a new DOE contract for which higher dose levels will be applied
to s-glass insulators with a matrix material considered to be the best for the IR program (probably polyimide).

’l-11is scction discusses the I'I'R project briefly and identifics the current candidate 'in.sulators. It also
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program.

6.2 Insulator Testing Program

6.2.1 Introduction

This scction is, for the most part, a reproduction of the paper presented at the ICEC Con‘fcrcncc in Geneva
on August 2, 1980 (Reference ] .)

“The term “radiation damage” as applied to structural behavior can be dcfined as the reduction in load-
carrying ability resulting from exposure to radiatfon.. It has becn observed that the radiation induced loss of
strength of a material could depend upon the type of load to be resisted. Data in this paper indicate that the

structural configuration could be of major importance.
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Thc reactor magnet consists of large flat plates of copper and of steel separated by thin insulator sheets.
The insulator must survive 10,000 cycles of 140 MPa pulsed pressure together with 8.4 MPa pulsed interlaminar
shear stress and a lifetime radiation fluence of 102n/cm?. (equivalent to 10! rads).

Most of the cxisting test data on insulator radiation survivability hil\’é been obtained from static flexural
and éompression tests on rods. It may be apparent that thosc results would not apply to thin shccts. under
cyclic compressive load. Preliminary studics on unirradiated insulators indicated that a 1/2-millimeter-thick
fiberglass composite with an organic matrix might withstand the [TR environment. Consequently, a program of

irradiation and test was carricd out to explore that possibility.

“ 6.3 Rationale'

The failure mode in a compressed thin sheet of brittle material is differcnt from that of a rod. The stress
distribution in a rod is. uniaxial and failure usually occurs on the familiar diagonal shear plane, more or less at
45 degrees to the rod axis. The thin sheet also would be under uniaxial compression if a pure pressure were to
be applied. However, the insulators of FED-R2 and ITR are compressed between large flat plates. As a result,
there is frictioh-induced restraint in the plane of the sheet similar to the behavior studied by Bridgman. The
diagonal shear failure plancs cannot form easily. Observations reveal that the insulator specimens are reduced
to powder by extensive compressive cycling, in support of that hypothesis.

Failure of G-10 and similar grp materials may begin by crushing at the intersections of the cloth warp
and fill fibers. Tendency for the cloth to spread would be resisted by friction from the metal plates retarding

breakage until the fibers begin to crush between intersections. The matrix material would help to support the
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fibers during the process. The onset of failure has been observed to be accompanied by rapid degradation of
stiffness.

Development of a quantitative theoretical explanation would require more extensive study. Until that
time, the above rationale has been adopted as part of the basis for believing that materials like grp can

withstand the I'ED fluence at the design compression stress for the required number of cycles.

6.4 Failure Criterion

It is a simple matter to observe failure in compressed brittle rods. A break occurs and the testing machine

load drops suddenly to zero. In thin sheets, however, the failure is not so obvious. This is particularly true of

fatigue loading.

It was noticed, during cxploratory tests on unirradiated specimens, that the stiffness appeared to increase
by a few percent up to approximately 5,000 to 10,000 cycles after which the stiffness reduced by several percent
during each succéssive interval of 10,000 cyllclcs. The s;unc phenomenon was observed during the INEL tests
on irradiated specimens except that the degradation in stiffness occurred in a few hundred cycles. Subsequent
examination showed that at least one disk in a stack of five had been reducéd to powder.

It was decided to define failure in thin sheets as the rapid reduction of stiffness. The relevant data were

chosen as the stress level and the number of cycles at which that rapid reduction occurred.
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6.5 Initial Tests

Experiments were carried out with sheets of fiber-reinforced plastics and one common inorganic clectrical
insulator. Unirradiated specimens of G-7, G-10 and micaglass were subjected to compression fatigue at RT.
Both G-7 and G-10 are cbmmcrcial I>-glass reinforced plastics. The matrix system of G-7 is silicone while that
of G-10 is epoxy. The test fixture and loading scheme are'shown in Fig. 6.1.

The initial test results appear in Table 6.1. The grp survived pressures twice as high as in [TR for the
required 10,000 cycles. The micaglass, however, did not survive under pressures 50 percent greater than in
FED-R2. The 1 Hz frequency was chosen as a practical compromise between the low FED-R2 cycle and the
need f;)r shorter test times o collect data from several samples,

-
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mulations described below. Those results also indicated high potential for survival.

6.2.5 INEL Tests on Irradiated Specimens

Disks were cut from thin sheets of G-7, G-10 and G-1 CR. They wére irradiated in the Advanced Test .
Reactor at Idaho National Engincering Laboratory. The nuclear flux was calculated from a.st.andard code used
at INEL and is stated to be within 20 percent of actual values. The total fluence was 1.6 X 10'%n/cm? for
neutron energies greater than 0.1 Mev, 102°n/cm? for the total ncutron spectrum and 3.8 X 10!! rads of
gamlﬁa radiation. That dose is somewhat higher Lh;m the fluence expected in FED-R2.

The specimen temperature was reported to be 320 K. All specimens were found to be highly radioactive

after months of cooldown. Consegquently, testing was conducted in a hot cell.
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The compression fatigue tests were conducted in the same fnanner as for the unirradiated samples (Figure
4.2). The results appear in Table 6.2. In addition the G-10 data arc plotted on the graph of Figure 6.2. All tests
were stopped arbitrarily at 200,000 cycles if no failure had been observed.

It is clear that the observed strengths are much greater than rcportcd pr.cviously for rods irradiated at 4.9 K
for which G-10 CR stafic compression values of about 69 MPa were obtained. The INEL results also cxceed the
FED requirements. The stress level of 345 MPé is more than twice the FED requirement. Furthermore, 200,000

cycles corresponds to 20 times the required life.

6.7 MIT Tests

The INEL tests were considered to support the rationale that G-10 might survive the I'TR environment, It
was important to obtain independent data as a further check. It also was decided to broaden the scope of the
program by including other potential candidate insulators.

A search of the literature showed that epoxy and polyimide resins with fiberglass reinforcement could be
considered as candidate insulators for ITR. Among epoxy resins, glycidyl amines were concluded to be more
radiation resistant. S-glass appears to providc; a more useful reinforcement than E-glass for radiation resistant

insulators. The MIT test results are shown in Table 6.3 and Figure 6.2.
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6.8 Conclusions

Evidence has been obtained at R'T to support the rationale that thin sheet grp can withstand the 1TR and
FED-R2 radiation and compression loading environment. It remains to conduct combined interlaminar shear
and compression tests during irradiation at 77 K before the survivability of organic insulators can be established

rcliably for usc in high fluence environments at other temperatures.

6.9 Critical Review of Status of Insulator Survivability

The following is a brief critical review of the state of knowledge m; organic insulator survivability in a
Wi “ur +h Thvmen A K)Il'r' prcg‘—am. .

No theory exists for relating structural survivability to radiation dosaée. Existing insulator test data
generally do not represent conditions to be expected in fusion reactors (Table 1.). (Much early data were
developed for partjc]e accelerators.)

Loads have not been applicd in-situ. Test temperatures (and, for the most part, irradiation temperatures)
have not been at 4 K, with few exceptions. Féw ;hcar tests have been performed and no combined loaci data
were found. .

Test reports were vague or incomplete with regard to irradiation spectra and dose levels. Rads and n/cm?
were intermixed. The cffect of gamma/neutron ratios has not been studied. Most reports contain little discus-
sion of failure criteria or failure modes.

Contradictory claims exist. Some claims are unsupported by data. As an example, boron-free glass was

claimed to be effective but test data show damage under moderate irradiation levels.
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The range of survivability behavior is large. Some materials degrade over several decades of dose level,
somc fall off in onc decade and some decay within a certain dose range and regain strength at higher levels.

Properties vary with matrix material and reinforcement, sometimes by orders of fnagnitude. Activation
levels a]soyvary widely following d()sagc. |

Data (References 1 and 2, for example) indicate that polyimide and S-glass provide the best composite
tested to date. 'This conclusion is based on the fact that Coltman ct al tested rods in compression, yet both

results agree qualitatively. Furthermore, there is an indication of good survivability for that type of composite.
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6.10 Appendix
MIT Materials Irradiation Test Programs
The MIT program is designed to close the gap between the fusion reactor and materials testing environ-

ments in order to obtain a more accurate assessment of organic insulator survivability.

6.10.1 FY'82 Program

The test specimens matrix materials will be TGPAP + OCA epoxy and Kerimid 601 polyimide. The
reinforcements will be S and S2 glasses. At least 50 specimens of each combination would be irradiated at 4
"K in the IPNS at Argonne. Sclected combinations will be irradiated at 77 K in either the ETR at INEL or in

| TRIGA at Penn State, depending upon availability of the faci}itieg

Following irradiation, cach group of specimens will be removed fr(;ln the souﬁ:e, mounted in a testing
machine, cooled to 77 K and subjected to cyclic loading at several peak stress levels to permit acquisition of -
a4fatigue curve. Measurements of diclectric strength and electrical conductivity would be made after selected
cycle numbers. |

In parallel with the above activity, design details will be developed for an in.pile test cell capable of operat-
ing at 77 K. The details will include the piping and refrigeration systems required for controlled operation at 77
K.

The final phasc of the project will include consideration of shipment of sclected specimens to the RTNS at

Livermore for 14 MEV RT irradiation and subsequent testing at 77 K. If time and funding permit, this phase

will be implemented. Otherwise, it will be deferred to FY’83.
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6.10.2 FY’83 Program

The program would construct the inpile loading device to be designed in FY'82, followed by inpile testing
at 77 K of four insulator compositions consistiné of organic matrices and fiberglass reinforcements. The results
will be compared with data from 77 K out-of-pile testing of insulators irradiated at RT qnd 77 K. The belief has
been expressed (but not established by tcsting) that inpile loading could be more damaging to organic insulators
than out-of-pile loading after irradiation.

The loading device and associated cooling equipment will be constructed to fit into cither TRIGA at Penn
State or into the ETR at INEL. The choice will be made in FY'82. At least one sct of samples will be loaded
inpile at 77 K in the test fixture which applies force to the flat faces of several insulator samples in series and
which will incliide 3 means of conducting clectrical foste. A set will cansist of ane of each comhination of an
epoxy or polyimide matrix reinforced by S or S2 fiberglass.

Results of the tests will be compared to existing data and to the FY'82 tests to be conducted on control
samples irradiated at 77 K and 4 K but tested out-of-pile.

| The é#perience gained in fabricating and operating the 77 K inpile loader will be used to design a facility

for 4 K inpile loading.

" 6.10.3 FY'84 Program

During FY’84 the 4 K inpile tester will be constructed and tests will be conducted to meet the basic goal of
the 3-year project, which is to simulate the FED environment (as closely as possible) which candidate insulators
must survive, The data from the program will be compared to evaluate insulator mechanical and clectrical

survivability in an fusion reactor.
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TABLE6.1

Results of Compression Fatigue Tests of .

Unirradiated Samples at RT
(5 _Spccirﬁcns of Each Type Tested in Stack Shown in Figure 6.1)
INITIAL TESTS

Thickness Max. Applied Number of

Material (mm) Stress (MPa) Cycles

207 10,0008
G7 03 76 100008 - .
207 100,000 F
G10 0.50 310 60,000 S
Mica-Glass - 0.50 207 - 10000F

S = Survived, F = Failed
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TABLE 6.2

Results of INEL Compression

Fatigue Tests on Irradiated Insulators

Total Flutence = 3.8 x 10'! Rads, Equivalent

For all Specimens D = 11.1 mm

Thickness Max. Appliedk - Number of

Material  (mm)  Temperature  Stress (MPa) Cycles

G7 . 030 RT 207 10000F*
G- 400 . RT 207 10,000 F
W7 2000005
241 2000008
RT 276 21,900 F
30 . 3570
G-10 0.50 345 460 F
207 - 200008
7K 241 40,000'S
276 36,0005
30 300008
345 30,0008

*Paired disks broke, singles survived.
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TABLE 6.3

Additional Compression Test Results :

Total Fluence = 3.2 X 10 Rads, Fquivalent

Material Thickness Max. Applied Number of

Matrix System Reinf.  (mm) Stress (MPa) Cycles

Kerimid 601 S 0.50 310 60,000
TGPAP + DCA  S2 0.50 310 60,000

DGEBA + DDS  §2 0.50 | 30 60,000

TGPAP + DM B 046 W 60000 | -
TGPAP+DDM 2 048 310 60000

TGPAP + DDS  §2 0.50 30 60,000

Tests were halted arbitrarily at indicated number of cycles. All specimens survived.
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TABLE 6.4

Comparison of Insulator Performance and Test Environment

FUSION REACTOR INSULATOR ENVIRONMENT

ALL CONDITIONS ACT TOGETHER

Nuclear radiation flux.

l.orentz (and preload) normal pressures, interlaminar shears and inplane bending plus membrane loads.
103 o 166 cyclcs.‘Static load duration - months.

Liquid helium temperature (constant) for some. Pulse, staiting at LN, temperature, for others.

Low ga}nma/ neutron ratios.

14 MeV spike at high fluence.

INSULATOR TEST CONDITIONS

ALL TESTING DONE AFTER APPLICATION OF TOTAL FLUENCE

Mostly RT irradiation, some cryogenic.

Mostly static, some cyclic, little creep testing, no combined load tests.

Most testing at RT, some at 77 K, some at 4 K.
. High gamma/ncutron ratios.

14 McV spikc applied sepératcly from other irradiation, at low fluence.
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71 REMOTELY CONTROLLED MAINTENANCE (RCM)

Introduction

The need for RCM has prompted the choice of several features in the magnet, such as the decision to avoid
girth rings at the outer boundarics. Beyond these choices, however, no cffort was devoted to design of details for
easc of RCM. However, it will be an integral aspect of the detail design phase since experience has shown that
after the fact design of RCM features can result in an almost unworkable system. |

A brief discussion is presented to highlight some of the foreseen maintenance problems and to reveal how

RCM has been borne in mind in developing the current design.

Maintenance Problems and Solutions

For estimating purposes, the magnet was assumed to be a solid copper cylinder 5.37 m in diameter and 3.7
m high. The weight would be approximately 1600 metric tons (MT) or 100 MT per module but this is somewhat
ovcfcstimated. It has been assumed that the modularization of the TF magnet would allow a 100 Tonne module
to be removed complete with its blanket shield and vacuum chamber. Figure 7.1 shows a top view of the
machine with one of its modules removed. The scparation of adjacent modules would involve the cutting of
the external weld between two pairs of closure flanges and the circumferential expansion of the remaining 15
modules by approximately 10 mm in order to frec the keys interlcaved between the two flanges.

Because there are no girth rings, cxtraction of the module is now impeded only by the EF1 and OH7
poloidal coils, by connections to the port, if any, and by cooling and other service connections to the TF coil.

The poloidal coils must be raised (or lowéred, depending on the position of the coils) to clear the cooling
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manifolds on top and on the bottom of the TF coils. The poloidal coils are linkcdv together (sec Section 3)
and the larger coil, EF1, is clamped in position to extensions of the steel TF .rcinforcemcnt plates. The forces
tending to drive those poloidal coils toward the equatorial plane and to deflect them radially are taken by the
TF coil. This allows a relatively simple mechanism much as a toggle, to hold them in position. For purposes of
RCM, the toggle is greatly preferred over the nut and bolt. However, the EF] .coﬂ serves other purposes which
- require different methods of fixing. Some of the vertical force on the copper conductor around the port is taken
by the EF1 coil. For those occasions when the TF is active and the EF inactive, clamps must be placed from the

top EF1 coil to the bottom EF1 coil to provide the necessary reaction.

During assembly of a module there is no inherent structural mechanism to constrain it to a compact

circumferential shape. It is envisaged therefore, that B stage epoxy will be used during assembly to bond

compon-entQ -tog-ct_hcr to achieve such compaction. The components of a module arc clamped in a 22%; ﬁxtur—e
under high circumferential pressure while the B stage resin is cured at about 100C. During opcration of the TF
coil under irradiation, deterioration of this resin bond will progrcsé from regions closest to the blanket outwards
toward the outsid'e of the coil. However, it is cxpcctc;i that sufficient boﬁd strength willl be retained so that,
even at full life of the TF coil, a module being removed from it will be held together against the relatively small

forces trying to separate the component plates and sheets.

After removal of a module from the TF coil, further disassembly, should it be necessary, is carried out in a

hot cell adjacent to the reactor hall. This further assembly could consist of the following operations:

(1) Cutting the weld between the inside cdge of a closure flange and the vacuum vessel or shield assembly.

This will expose the face of the shield modules to allow them to be removed.

(2) Removal of shicld modules (other than test modules) which must be in Lhé form of toroidal prisms of
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length cqual to a h'alf modulc is performed by withdrawing the unit in a circumferential direction after
disconnection of coolant and other services. Cooling connections to the shield modules would be through
steel reinforcement or through the} port Qpcnings. In the 'fonncr case the connections would be close to the
closure flange so that they could bé accessed immediatcly after the closure flange is removed. If the latter
arraﬁgcmcnt is applied, then connections would b_c at the top or bottom of the ports so as to leave ample

height for test modules or plasma access.
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Figure 7.1 Top View of FED-R2 with Separated Module
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APPENDIX A

Elongation Tradeoffs

-

In this appendix, the cffect of plasma clongation is.considered. It is varied by holding the engincering of
the magnet constant and allowing the neutron wall loading to vary. This is'done to study whether, in a resistive
coil reactor, a-larger near-circular plasma would be more advantageous than a smaller, elongated plasma. After
this is completed, two vcrsiong (onc with b/a = 1.5 and the other with b/a. = 1.2) with similar plasma physics,
enginécring and Wal] loading are compared side by side.

Flongation has the following consequences on the machine er;ginecrin'g:

o Increases stresses in the throat because of increased tensile loads and increased bending

¢ Increases the resistive power

Increascs the stored energy in the EF system

Increascs the requirements for the OH transformer

Increases the complication in the poloidal and toroidal field system because of the presence of the

shaping coils

Requires more complex plasma positioning control system because of the vertical instability.

"On the other hand, clongation allows reduction of plasma requirements, because of the increase in Sr
with clongation. It also increases wall area and volume resulting in an increase in fusion power. Simultancous
increasc in plasma beta (F7) and wall loading result in a net (but relatively small) increase in wall loading.

These tradeoffs are analyzed in this appendix. It is assumed that the scaling of Br with elongation is
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where ke = b/a.

Because the peak stresses in the toroidal ficld coil and in the OH coil are large, it has been decided to keep
the von Miscs stresses in the throat of the magnet and in the OH system constant. As elongation requires large
ohmic drive due to large LI and rcsistive drive, it is important in these calculations to keep the OH stresses
constant and as large as possible (sce section 3.4). (Decreased OH requirements result in larger available cross
sectional arca for the TF coil, and thercfore, larger peak ficld operation). The stresses are calculated by the
mcthod of toroidal shells used in section 5. The simplified calculation used for the constant clongation used
in i jﬁarai'.'.ct‘r' i sCction 2 is not accuraie Locause it igiloies ihe huricunial furces ai wesuli i iividal
moments,

Table A.1 shows the main machine parameters as the plasma clongation is reduced for fixed a and R.
The magnetic ﬁeid increases slowly with decreasing clongation but not fast enough to balance the reduction
in plasma Sr. The magnetic field is allowed to increase with decreasing clongation because of reduced tensile
load in the throat, increased throat area due to reduced OH inductive requirements and decreased bending in
the throat. Table A.1 is derived assuming that the stresses in the OH system are constant,that the stresses in
the throat of the TF coil are constant (calculated in the same way as is done in scction 5) and that the plasma
major and minor radii are fixed. The wall loading has not decreased as fast as the margin of ignition M T due
to thé fact that the wall area is decreasing with decreasing clongation. The most noticeable effect of decreased

elongation is in the cnergy stored in the magnet, that increases from 3.6 GJ fork == 1.5 t0 4.5 GJ forx = 1.

Also shown in Talbe A.1 are the dimensions of the TF plate.
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The greatest advantage of decreased elongation is the reduction in the complexity of the vertical ficld
system. The propertics of the vertical ficld system are shown in Table A.2.- An elongation of kK ~ 1.2 is
approximatcly the optimum, because in this case there is no need for shaping coils. (Shaping coils are required
for circular plasmas with high Br.) The cnergy in the EF coils, the resistive power, the A-turns all decrease
significantly as the clongation decreases from k == 1.5 to k = 1.2, but mbré sl'ovﬂy as the clongation is
decreased further. Note that the current in the shaping coil, k&, is small for the casex == 1.2. These advantages
in the vertical ficld systems are achicved with a small loss in wall loading and decreased margin of ignition M7

(shown in Table A.1).

The loss.in wall loading and margin of ignition M can be compensated by increasing the machine size.
Table A.3 shows the main parameters of the base case of FED-R2 with clongation of 1.5 and that of a machine
with close to natural elongation of 1.2. Note that in this case, the stored encrgy and the resistive power of the
machine have significantly increased in the case of & = 1.2 vs the case of & = 1.5. More surprisingly, the

| shear stresses in the outer leg of the magnet that resist the torsion‘have increased with decreased elongation.
" This latter effect is' due to the increase in thé field to allow simultaneous increases in M1 and P, so that these

values are equal to those forx == 1.5.

Table A.4 shows the main parameters of the equilibrium ficld system of the designs of Table A.3. The
reduction in the resistive power of the EF system balances partially the increases in the TF coil. The machines
have the same neutron wall loadings, same margin of ignition and the same von Mises stresses in the throat of

the magnet and in the okmic heating transformer.

Figure A.1 schematically shows the machine designs described in Table A.3 with the corresponding equi-

librium ficld coils. Although the machine design with b/a = 1.2 is somewhat largér, the advantages obtained
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with the decreased clongation should be considered. If the problem of controlling the vertical position of the
plasma is of concern, then the attractiveness of relatively small elongation is enhanced. Also, if the increase in
toroidal beta (Br) with elongation does not occur, then the near circular plasmas are definitely more attractive

than the clongated pl'asmas for FED-R2.
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TABLE A.1
TF Coil for Designs with Varying Elongation

for Fixede and R

)c=b/a 15 12 1.0
MI 183 1.48 1.28
A 419 4.19 419
B(T) 7.16 7.60 8.03
1(MA) 4.57 3.75 321
Proait (MW/m2) 4.0 2.90 229
P; (GW) | 040 0.26 " 018
Wrr (ktonnes) 148 142 1.39
Err(GJ) 3.6 39 4.47
PTF (MW) 227. 237. 4.
7 (MPa) 2338 2.1 2.5

plate sizes (m?) 435347 44X%315 448x297
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TABLE A.2

EF Coil for Designs with Varying Elongation

Egr M)
Ppr (MW)
Wer- (tonnes)
MAgr (MA- turns)
I, (MA)

5 (MA)
Rim

Ry (m)

2 (m)

2 (m)

71 (MA/m?)

J2 (MA/m?)

146

for Fixeda and R
30918 12462
7623 3575
17157 102.88
1223 516
2.92 2.08
318 -049
514 s»
1.94 1.80
1.30 1.06
206 176
10.0 10.0
150 15.0

10505
40.58
94.50

6.45

- 1.62

1.60
521
1.87
091
174

10.0
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TABLEA3

TF Coil for Py = 4 MW/m?

, and MI ~ 1.9
MI 183 1.88
Poat (MW/m2) 40 4.0
£ =b/a 15 12
A 419 4,66
.R (m) 2.64 2.7
a(m) 0.63 " 0.58
_“B(T)“ - 716 8.86
1 (MA) 457 3.59
Pr(GW) 0.402 033 -
Wrr (ktonnes) 148 1.46
Err (GJ) 3.6 5.7
Prr (MW) 227. 297.
7 (MPa) 2338 317

plate sizes (m?) 435347 44 x3.15

147




TABLEAA4

EF Coil for Pyay = 4 MW/m?

andMI ~ 1.9
I} (MA) 293

L (MA) -3.19
R (m) 5.14
R; (m) 1.94
z; (m) 1.31
23 (m) 2.07
7 (MA/n#) 10.0
72 (MA/m?) 15.0
Egr (M) 309.
Per (MW) 76.2
Wer (tonnes) 172.
122

MAgr (MA turns)

148

2.29

-0.544

5.27

1.92

1.02

177

100
15.0
152.
99
114,

5.66




k=1.5

o 2|
E :
: s
ﬁ 1
T .
(m)
1 2 . 3 4 5
RADIUS (m)

Figure A.1 Schematic Countours of the Toroidal Field Coils and their Respective Equilibrium Field Systems
fork = 1.2 andx = 1.5.
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. APPENDIX B

Heating of the Plasma

In this section, heating of the plasma is discussed. The preferred method Qf heating is ICRF at the second
harmonic. In this scction, special attention is given to the diverse plasma scenario .in thc. two cascs of operation.
The same sources can be utilized if in the high performance casé, tritium is heated at 2w, while deuterium is
heated in the base case at 2wy.

A 1-D slab model with a full-wave treatment is first used to determine the spatial behavior of ICRF and
the importance of mode conversion. Then a 1-D cylindrical model using a"WKB treatment is incorporated into
a time-dependent fluid code to determine the amount of RF power nceded. Both modcls assume a local RF
dispersion rclation. The full 3 X 3 hot.plasma dispersion tensor is used to determine complex k,_given real w
and k; (fixed in radius) for both the fast magnetosonic and lon Bernstein wayes.

In the time-independent 1-D slab model the plasma is divided into-many (up to 10,000) thin, uniform slabs
lying in the yz pl;me with B, in the 2z direétion. The local dispersion rela-tion is solved in each slab for four
modes, a fast wave (4-kj ) and an lon Bernstein wave (4:ky1.8.) which propagate in both directions. In each

slab the RF wave ficld is the linear combination o‘f‘the individual mode ficlds,

4 o
E= EE"leikllm"’ B = u;!:lee{I’:nr - (1)

i=l
The amplitude cocflicients E,,, and B,, are calculated from the total tangential £ and B ficlds, which are

continuous across a slab interface. The boundary conditions for the two plasma edge slabs are determined by

the launching conditions. For FED-R2, we assumed that a fast wave is launched frorh the low field side. To find
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the electric and magnetic ficlds, a large (4800 X 4800 for 1200 slabs) set of .complex equations is numecrically
solved using a band matrix solver. For accurate solutions kyAz << 1, where Az is the slab width. Since
k_ for the lon Bernstein wave becomes large near the plasma edge, only the central 100 cm of plasma width
0 <r<50cm) is used in the analysis. We have not examined the ant.cnna-plasma coupling problem yet.
However, our region of analysis is wide enough to contain all of the ion and most of the electron heating zones.

After solving for the E and B fields, we can calculate the total radial Poynting flux

-—C . -
P = Z=ReE X H ) )

The change i.n P from the low to high ficld side gives an estimate of the amount of RF power absorbed per

radial pass.

To calculate the amount of RF power absorbed by each species, we use the weak damping formula

b =wE* - () kY, Em) @3)

where K s the anti-hermitian part of the dielectric tensor, m the mode, and s the species.

In Table B.1 we list the assumed FED-R2 parameters assumed for the éa]culations.

Table B.2 shows preliminary results of heating in FED-R2 with ICRF in both operating 'cases. In the base
case using primarily sccond harmonic deuterium heating (f = 77 MHz) the single pass absorption is about
/~ 100%. Less than half of the energy is absorbed in the high performance case with 2- harmonic heating of
tritium (f = 77 MHz). It may be desirable to tuné the frequency of the radiation so that in both the base case
and the high performance case the deuterium is heated at twice its gyrofrequency. However, this may entail

problems with the launching structure (cither antennas or waveguides), in which case tritium heating, though it
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has less damping per pass than deuterium heating, may be preferred.

Figure B.1 shows the RF dispersion relation for both the fast and lon Bernstein waves when f = 77 MHz
with parabolic squared density and temperature profiles (T, = 1lkeV, Tey = 9keV). At the time the RF is
turncd off the hotter plasma temperatures producc nearly 100% absorption i.n ong radial pass. |

Figure B.2 and B.3 show the power deposition profiles on the ions (deuterium) and clectrons for the base
casc operation. The deposition profiles are peaked on axis. Figure B.4 shows the Poynting flux. Note that about
all the power has been absorbed in a single pass.

The temperatures are such that these figures corresponds to the maximum in the required heating.

Figure B.5 shows the he.a[ing contours of constant power required to keep dfy/dt = 0.3%/S as a func-
 tion of the product na and the plasma Br. The préﬁlcs shown in Figures B.2 and B.3 were assumed. Note that
s 13 MW of heating is all that is rcquired.."l‘his is because of the strong pcak absorption of the incident power.

Our 1-Dslab calcﬁlations show that mode conversion does not seem to play an important role. Over 98%
of the total RF heating results from the incident fast wave. In addition. since the fast wave wavelength is large
compared to the scale 'lcngth of plasma parameter changes, 2 WKB treatment of fast wave heating should be
accurate,

We conclude that for a 50-50 D-T FED-R2 plasrﬁa, 20 MW of ICRF ;;ower for 500 ms with f ~ 77 MHz
(corresponding to second harmonic dcutcriufn and third harmonic tritiunﬁ heating) would be nceded, assuming
Alcator scaling. The absorption is peaked toward the center with the ions receiving more than 75% of the
incident power. The absorption is quite strong with more than 94% of the incident fast wave power absorbed in
one radial pass at the high temperature, Modé conversion should not play a significant role. Over 98% of the RF

heating comes from the incident fast wave launched from the low field side.
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TABLE B.1

FED Parameters Assumed for ICRF Calculations

R,(cm) 244
a(cm) 63
np(0) = np(0)cm) 4 x 101

npledge) = nr(edge)em) 1 X 1013

B,(kG) 51—-17.1

RF Parameters

Prr(MW) 2
ky(cm™1) 0.3

Frequency (MHz) 72-77
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TABLE B.2

Br o 51 72
F(MHz) | 7 . n
ion heated D T
T; 6 1l 17 1
Teo § 9 15 9

% of energy to ion 79 76 73 50
% of cnergy to clectrons 20 2 .24 S0
single-pass absorption 90 ~100 ~100. 35

mode of heating 2wc[} 2w.p 2w - 2wer
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KX S0 TO 1/5 PWR

Figure B.1 Dispersion Relation for the Fast and lon Bernstein Waves for f = 77 MHz
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Figure B.2 RF Power to Deuterium for Base Case Operation
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Figure B.3 RF Power to Electrons for Base Case Operation
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APPENDIX C

COST OF THE MACHINE

In this Appendix, the cost of the machine is discussed. Two methods have been used to derive an ap-
éroximatc figure to the cost. The first one uses the costing routine used by the Fusion Design Center, which
adds the cost of the components [1,2]. The second cost is derived by extrapolating from TFTR costs [3]. As the
machine has resistive coil magnets and has main dimensions close to thosc of TFI'R, this is a valid method.

The study presented in this report concentrated on the magnetics aspects of the machine. The toroidal
ficld system was given the largest attention, with some work also beiﬁg performed for the po'lqidal ficld systems
(O and BF sysicins). There are othier sysicius drat afiect die overadi fcusu.biiiiy ol tie machine design, such as
the pumbing scheme (limiter pumping), hcating structures (antennas or waveguides for launching the RF), first
wall design (cooling, cffects of disruptions). The requirements that these systems ixnposé upbn the magnet and
main concept can not be C()mplcicly determined until appropriate dcsfgn studies are performed. However, the
main concept would probably not be very much affected by them, although the main envelope of the machine
.might have (o be increased.

With this caveat in mind, Table C.1 shows the cost of the machine as determined by the c.odc of the Fusion
Engincering Design Center [1]. There are numbcrs that are scaled directly from the FED dcsign [2], such as
the pumping systems, the first wall and the I & C (Instrumentation and Control). The total direct cost of the
machine amounts to ~ 469 M. Table C.2 shows Llllc cost of the respective systems for the bascline FED [2]. It
is seen that the total direct cost is reduced by a factor of about 2.2 from that of the bascline FED design. Large

reductions in cost arc possible in the magnet system (due to the much smaller tokamak and to the use of copper

160




coils), in the heating systems (due to the smaller major radius of the machine) and in the facilities (due to the
smatler nuclear island and to the modularization scheme, which decreascs thg cost of the hot cell).

Table C.3 shows the approximate cost for TFTR. Shown are hardware outlays from 1976 through 1982,
Not included are EDIA. The total direct cost of TFTR is 235M. FED-R2 .and TFI'R arc of similar size. The
weight of the F El)~R2' magnet is larger than TFTR, but the coils are casier to manufacture. The 54M estimate
from Table C.1 was scaled from Alcator C cost by scaling by the weight ratio. Most of the items in Table C.1
scale from Table C.3 due to larger requirements and/or goals. The cooling system, the torus, the clectrical
system and the plasma heating scale from TFTR by about a factor of 2 duc to larger requirements. As the
buildings requircments are ti}c same (due to similar sizes). the facilitics (buildings) are about the same. The
larger cost in FED-R2 may be due to increased réquircmcnts due to remote handling (costs for remote han-
&'ling are included under “remote mainten:;nce"). Because of different réquirements, the costs of the remote
maintcnance equipment and tritium systems cannot be scaled from TFTR, and the numbers obtained from the
Fusion Enginccring Design Center cost code have been used.

The largest gap in.cost appears in the [nstrumentaiion and Control and Diagnustics. Itis 67M in Table C.1
vs. 43M for TFTR. The requirements of 1&C for TFTR and FED-R2 are similar, and the large discrepancy in
cost of the I&C and diagnostics systems can not be expfained by the large additional use of tritium in FED-R2.

Table C.4 shows a revised cost analysis fér FED-R2 with the Instrumentation and Control System used for
TFTR. The cost of the remote maintenance and the cost of the fucilitics have been estimated by PPPL [4] for
a machine (LlTE) similar to FED-R2. The total dircct cost is 385M. The cost of FED-R2 is, then, less than
twice that of TFTR. It should be stressed thai althéugh the costs of TFIR are well determined. the cost of the

different systems (or the scaling of the cost from the TFTR cost) for FED-R2 are not as well determined.
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Table C.1

Direct Costs for FED-R-2

(Fusion Engincering Design Center Costing Routine) -

Magnect system 54
Torus 16
Cooling System 20
Tritium and Fuel Handling 46
Plasma Heating (RFY30M W) » 50
Electrical Systems , 67
Vacuum Pumping. 1
Instrumentation and Control! 67

Remote Maintenance and Equipment 60

Facilities 88
Total Direct Cost 469

t Includes Diagnostics
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! Includes Diagnostics

‘Tahle C.2

Direct Costs for Bascline FED

FEDC Costing Routine

Magnet System

Torus

Cooling Systems

Tritium and Fuel Handling

Plasma Heating (RF) (SOMW)
Electrical Systems

Vacuum Pumping

Instrumentation and Control!
Remote Maintenance and Equipment

Facilities

Total Direct Cost

164

312

162

38

54

89

99
24

67

60

139

1044




Table C.3

Direct Costs for TFTR

Magnet System and Structure
Torus

Cooling Systems

Tritium and Fuel Handling
RF Systems

Neutral Beam Systems
Electrical S_ystems

Vacuum I’Qmping
Instrumentation and Control
Diagnostics

Remote Maintenance and Equipment

Facility Construction

Total

165

46

11

~0
24

32,

25

18

66

- 235




Table C4

Cost Estimate for FED-R2 Scated from TFTR

Magnet System and Structure 54(a) |
Torus 16(®
Cooling System ‘ 20(8)
Tritium and Fuel Handling 46®
Plasma Heating (30MW) 50(b)
Electrical Systems | 67(0)
Vacuun} Pumping 16
lnstrufncntation and Control 25(c)
Diagnostics 13@

Remote Maintenance Equipment - 28(@)

Facilities 57(d)
Total . 382

(2) Based on weight scaling from Alcator
®) From Table C.I
() From Table C.3

() From Calculations for LITE performed by PPPL using TFTR costs as a base.
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