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ABSTRACT 

A cost scaling procedure, based on a detailed reference conceptual 
design, has been developed to determine the effects of variations in the 
characteristic parameters of superconducting toroidal field coils on pro-
ject costs. The primary purpose was to provide reasonably simple rational 
formulae for obtaining approximate costs of a complete installation, 
focusing cn the trends and sensitivities of costs to changes in various 
parameters such as field strength, coil size, number of coils, and current 
density rather than establishing absolute costs. No results are included 
here because early studies applying these procedures are no longer perti-
nent to the present Superconducting Magnet Development Program. Ho -ever, 
planning for the Large Coil Project and the preliminary conceptual design 
of the Technology Test Assembly with Plasma have employed the techniques 
described and results will be reported in the appropriate project documents. 
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1 . INTRODUCTION 

The cost scaling procedures described in this report were originally 
developed in support of a magnet development program that was planned to 
progress through a series of increasingly larger and more complex super-
conducting magnet assemblies. The purpose was to provide reasonably sim-
ple rational formulae for quickly obtaining approximate costs of a com-
plete installation, taking into account a large number of parameters such 
as field strength, number of coils, coil size, current density, etc. 

An anchor point for the cost-scaling relationships was a detailed pre-
liminary cost estimate for a reference conceptual design of superconduct-
ing tokamak, described in another report.1 For the purpose of scaling and 
exploring the effects of limited variations in design, the estimated costs 
of the machine were broken down into 42 separate items, with each item fur-
ther divided into material and labor categories. Rational cost-size scaling 
relationships were determined for each item, with coefficients determined 
from the reference design cost estimate. The cost estimate for the refer-
ence machine included costs associated with remodeling an existing build-
ing; in the parameter studies, scaled costs for building modifications were 
included up to the maximum size machine that could be installed in the 
existing building. 

For use in conjunction with the cost relationships a computer program 
was developed that first solved for a consistent set of machine dimensions 
and plasma characteristics, then calculated machine component areas, vol-
umes, and weights and supporting systems requirements. These dimensions 
were then entered into the appropriate cost-size relationships to determine 
a scaled cost for each component and system. The computer programs were 
written so as to permit assembling costs for the phased construction ap-
proach that was proposed at one time: first a sector of superconducting 
TF coils, then a full torus with partial simulation of plasma effects, and 
finally a complete magnet test with actual plasma. The cost estimated for 
each phase includes engineering, assembly, and contingencies associated 
with that particular phase. 
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The procedures were used extensively in parametric studies of various 
magnet system tests that are no longer in the Superconducting Magnet Pro-
gram Plan; now they are being used in planning for the Large Coil Project 
and in the preliminary conceptual design of the Technology Test Assembly 
with Plasma. No results are presented here because the early studies are 
no longer of interest and the LCP and TTAP results will be reported in pro-
ject documents. The procedures are reported here as a reference for those 
documents and because of general interest. 
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2. REFERENCE DESIGN AND COST ESTIMATE 

The preliminary conceptual tokamak design described in detail in ORNL-
TM-4820 (Ref. 1) has been used as a reference design for initial conceptual 
studies of the TTAP. This reference design was predicated on the use of 
toroidal field coils in which the conductors are NbTi filaments in a copper 
and copper-nickel matrix, operated at a temperature of 4 to 5K. The size 
of the coils in this reference case was determined by V-.a. requirement that 
the device produce a well-controlled plasma with a circular cross-section 
of 60-cm radius.2 The centerline magnetic field is approximately 4.0 tesla 
(as high as could be achieved without exceeding 7.5 tesla at the TF con-
ductors). Tc achieve the smallest, least expensive machine consistent with 
the plasma requirements, the noses of the TF coils were nested in a common 
dewar and the current density in the windings was taken to be 5000 A/cm2, 
the highest value considered practical at that time. The resulting TF mag-
net dimensions were coil bore 1.8 x 2.4 m oval, major radius 2.25 m. Other 
dimensions are given in Table 1. 

To take advantage of the steady toroidal field provided by the super-
conducting magnet, a design goal for the TTAP is initially a plasma pulse 
10 seconds in duration with a plasma current corresponding to a safety fac-
tor, q , of 2.5. In one respect the reference design failed to meet that 
goal: the volt-seconds provided by the iron-core transformer are adequate 
for only about 3 seconds. This deficiency did not carry over into the 
parametric studies; there the allocation of space and the estimated costs 
were consistent with a 10-second pulse capability with saturated iron. 
(Subsequent design studies for the TTAP have considered an air-core trans-
former and longer pulse lengths.) 

A detailed cost estimate was made for the reference design machine in 
which a real effort was made to include every identifiable item and to make 
the estimate on the basis of detailed analysis of the proposed design, in-
cluding procurement, fabrication, assembly, attd engineering. These esti-
mates were made by an interdisciplinary team from the UCCND Estimating 
Engineering organization by standard procedures, using drawings and bills 
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Table 1. Description of Reference Design 
Technology Test Assembly with Plasma 

Item 

Plasma 
Cross section shape 
Minor radius, a, m 
Major radius, R<>, m 
Plasma current, I, MA 
Centerline field, B, tesla 
Safety factor, qa 

Neutral-Beam Injectors 
Number of stations 
Drift tube diameter, m 

Vacuum Vessel 
Major radius, m 
Vessel wall minor radius, m 
Type construction 

Vessel wall material 
Vessel wall thickness, mm 
Inner surface construction 
Inner surface material 
Baking temperature, K 

Limiters 
Toroidal (normal) 
Poloidal (backup) 
Plate material 
Heat removal 

circular 
0.6 
2.25 
1.3 
4.1 
2.5 

12 (6 co-, 6 counter-current) 
0.3 

2.25 
0.74 
bellows and mitred cylindrical 

sections 
Austenitic stainless steel 
6 

Honeycomb, replaceable 
Niobium (initially) 
700 to 800 

One 25-cm band on midplane 
14 rings at intervals <_ 30° 
Tungs ten 
Radiation to vacuum shell 

(continued) 
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Table 1. Description of Reference Design 
Technology Test Assembly with Plasma 

(continued) 

Item 

Toroidal Field System 
Number of coils in array 
Coil shape 
Coil bore, tn 
Major radius of array, m 
Conductor Material 
Operating temperature, K 
Coolant 
Max. field at winding, tesla 
Flat-top time, sec 
Stored energy, MJ 
Restraint 
Thermal insulation 
Current density in winding, A/cm2 

Winding width x thickness, cm 

Transformer Core and Yoke 
Material 
Flux change, volt-sec 
Flux density (max), tesla 
Core radius, m 
Weight of core and yokes, tons 

Ohmic Heating Coils 
Material 
Current, kA 
Number of turns 
Stored energy, MJ 
Power, MW 
Conductor weight, tons 

(contin 

24 
Oval 
1.8 horizontal x 2.4 vertical 
2.25 
NbTi. in Cu and CuNi 
4.2 
Liquid He 
7.5 
Steady 
480 
Nested noses, struts, rings 
Dewar, cownon in nose region 
50C0 
23.5 x 16.6 

AISI 1010 carbon steel 
7.9 
1.7 
0.88 
490 

Copper 
81.3 
16 
1.5 
14 
5 
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Table 1. Description of Reference Design 
Technology Test Assembly with Plasma 

(continued) 

Item 

VF Trimming Coils 
Material 
Current, kA 
Number of circuits 
Number of turns/circuit 
Power/circuit, MW 
Conductor weight, tons 

Magnetic Limiter Colls 
Material 
Current, kA 
Number of turns 
Power, MW 
Conductor weight, tons 

Vacuum Pumping System 
Roughing (760 — 20 torr) 
Intermediate (20 — 10~s torr) 
Final (<10"6 torr) 
Attainable liner pressure,0 torr 

Copper 
11 
4 
4 to 16 
1 

7 

Copper 
130 
6 
9 
2.7 

Mechanical/Molecular sieve 
Tur b omo le c ul ar 
17K cryosorption 
3 to 4 x 10-10 

aAfter baking. 
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of materials for basic machine elements produced by UCCND and 0R1JL engi-
neers and specialists. Because the design was quite preliminary, a con-
tingency allowance of 30% was added to the project costs. The resulting 
estimates are listed in Table 2 in the forinat prescribed in AEC Appendix 
6101 Annex C. 

The costs listed in Table 2 do not include the necessary prior and 
concomitant costs for development, for support of the operating staff, and 
other costs of testing and experimental operation. Furthermore, although 
all parts of the fully equipped facility were considered in the cost esti-
mation process, not all are reflected in the costs in Table 2 because it 
was assumed that, in keeping with practices in earlier CTR projects, some 
plasma—related equipment would be provided as part of the costs of experi-
mental operation while other items that will have been procured in the 
normal course of already existent programs at Oak Ridge would be available 
for exclusive or shared use. 

This equipment includes the neutral beam injection systems and a 
large part of the diagnostics. The costs of such additional equipment 
that we assumed would be procured for the reference design device amount 
to $8.0 million. Adding this to the $45.1 million for the basic facility 
gives a total of $53.1 million that would have to be provided for the 
fully equipped reference design facility. Items that we would expect to 
come from existent programs include some diagnostics, data handling and 
electrical equipment (from ORMAK), one injector system (from beam develop-
ment) and a share of the cryogonic system (from magnet development). If 
these items had to be procured specifically for the reference design, they 
would cost another $7.4 million. This would make a grand total of $60.5 
million for the facility if there were no benefit from other CTR programs. 
(A completely fx'ee-standing facility would cost even more since the fore-
going estimates count on using an existing building and other facilities 
in the Y-12 plant.) 
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Table 2. Summary of Preliminary Cost Estimates 
For Basic Reference Design TTAP Facility2 in Oak Ridge Y-12 Area 

Estimated Cost 
Item $ Million 7̂ Percentage of 

Construction Costs 
Limiters 0.31 1.1 
Liner (honeycomb) 0.16 0.6 
Toroidal vacuum vessel 0.36 1.3 
Toroidal field coils 12.33 45.4 
Other coils 0.31 1.2 
Iron core and yokes 1.35 5.0 
Support structures 1.06 3.9 
Power supplies 2.04 7.5 
Vacuum pumping systems 0.36 1.3 
Cryogenic systems 1.04 3.8 
Electrical (special facilities) 0.44 1.6 
Civil and architectural (sp'l fac.) 0.39 1.4 
Instrumentation and controls 1.30 4.8 
Maintenance equipment 0.10 0.4 
Assembly 3.10 11.4 

Total special facilities 24.66 90.9 
Building modifications 1.37 5.1 
Auxiliary building 0.11 0.4 
Other structures (cooling towers) 0.03 0.1 
Utilities 0.91 3.4 
Improvements to land 0.03 0.1 

Total construction costs 27.12 .100.0 
Engineering, design, and inspection 7.51 27.7 
Standard equipment 0.10 

Total of above 34.73 
Contingency allowance (30%) 10.42 

Total project cost 45.15 
QSee text for distinction between basic and full-equipped facility 

and dependence on other programs. 
FY-1975 equivalent. 



3. COST SCALING RELATIONSHIPS 

For the parametric studies of cost it was assumed that the materials 
and fabrication techniques used in the construction of the machines were 
the same as in the reference design and that the configuration of the ma-
chines was similar to the reference design except for two points: circular 

* 
TF coils instead of oval and individual dewars instead of a common dewsr. 
The reference machine cost estimate was then broken down into elements, 
each of which could be simply related to the magnitude of one or two ma-
chine parameters. The resulting 42 cost elements, each with its size-cost 
scaling relationship, are summarized in Table 3. The rational bases for 
the scaling formulas are explained in the paragraphs which follow. (Symbols 
are defined in Table 3.) 

1. Poloidal limiters 
Material varies as the volume of the limiters changes with plasma 

radius, a, (assuming width, thickness, and number are constant). Labor 
varies in a similar fashion with plasma radius, a, as an indicator of the 
number of pieces, assuming equal size pieces. 

2- Toroidal limiter 
Material varies as the major radius, R«, (assuming widths thick-

ness, and a/Ro are constant). Labor vavi.es as Ro (the number of pieces, 
assuming equal size pieces). 

3. First wall (honeycomb) 
Materials varies as R0a (surface area).. Labor varies as R0a 

(framing and welding length, proportional to surface area). 
4. Vacuum Shell" 

Material varies as R0a (surface area). Labor varies as a (assum-
ing total number of sections is constant, length of weld varies with a). 

The design assumed in the parameter study ii, similar to that f;or 
ORMAK-F/BX, in which each coil has a separate dewar connected only by 
sleeves around the struts that transmit loads to adjacent coils and cen-
tral bucking rings.3 In the reference design the noses of the coils are 
nested inside a single dewar.1 
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Table 3. Major Machine Elements with Cost Factors 

MAJOR COST ELEMENT 
MATERIAL 

COST FACTOR0 
LABOR 

COST FACTOR0 REMARKS 

1. Poloidal limiter a 2 / a i a2/a! 
2. Toroidal limiter R02/R01 Ro 2/Ro1 
3. Honeycomb wall ( R o a J a / C R o a ) * (Roa)2/ (Roa) 
'4. Vacuum shell (Roa)2/(Roa)x aa/a! 
5. Diagnostic penetration Constant Cons tant 
6. Laser penetration Constant Constant 
7. Laser viewing dump (R0a)2/(R0a)1 (Roa)2/(Roa) 
8. Heating/insulation (Roa)a/(Ro)1 (Roa)2/)Roa) 
9. Vacuum duct (Roa)2/(Roa)a a 2 / a i 

10. Vacuum shell support (Roa)a/(R0a)i Ro2/Ro1 
11. Vacuum shell pumping Constant Constant 
12. Injectors Constant Constant 
13. Injector vacuum pumping Constant Constant 
14. Injector power supply Constant Constant 
15. TF coils winding (A-m) / (A-m) T /T TF coils winding 

W 2 W i W j W ! 

16. TF coils structure V /V P /P 
S s S i S s S i 

17. TF noils dewar 
d a d i d2 di 

18. TF dewar pumping Constant Constant 
19. Cryogenic facility (4.2K) V A

d l 
Constant 

20. TF power supply N a / N i N a /N1 

21. 0H-VF-L1M coils (I R0)2/(I R ), Constant P P 0 
a2/ai 22. OH-VF-LIM coil support a2/a,. a2/ai 

23. OH coil power supply (I Ro)2/(I Ro)1 P P Constant 
24. VF coil power supply ( I R o ) 1 / ( I R o ) i p p Constant 
25. LIM coil power supply ( I R o ) 1 / ( I R o ) 1 p p Constant 
26. Machine support Avg. of 15, 16, Av. of 15, 

and 17 16, and 17 

w = winding 
s = structure 
d = dewar 

45% scales 

Iron core 

Weighted 
average of 
Items 15, 16 

and 17 



Table 3. Major Machine Elements with Cost Factors' 
(continued) 

MAJOR COST ELEMENT MATERIAL 
COST FACTOR0 

LABOR 
COST FACTOR12 

REMARKS 

27. Iron core (Wgt core)2 
(Wgt core)x Constant 

28. Diagnostics Constant Constant 
29. Instruments and controls Constant Constant 
30. Data handling Constant Constant 
31. 
32. 

Cooling tower 
Utilities 

I /I 
Pa Pi 
Constant 

Constant 
Constant 

7'.-/.' scales 

33. Building modifications Constant Constant 
34. Auxiliary building w Constant 45% scales 
35. Land improvements Constant Constant 
36. Standard equipment Constant Constant 
37. Maintenance equipment Constant Constant 
38. Electrical, special Constant Constant 
39. C & A special Avg. of 15, 

16 and 17 
Avg. of 15, 
16 and 17 

Weighted avg. of 
Items 15, 16 
& 17 

40. 
41. 

Simulated plasma winding 
End support 

I 2/I 2 
Pa pi 
(Roa)2/(R0a)1 

Constant 
Constant 

42. Bucking ring, coil 
post, cap 

(Wt + Wt _ cap Post 
+ Wt . ring 

) N 
N 

Individual dewar 
configurations 
only 

Subscript ' t' is reference case, '2' is scaled case. Definitions of other 
symbols are as follows. See Fig. 4. 

a — Plasma radius (meters) 
R0 — Major Radius (meters) 
A^ — Area of winding (TF coil) 
Vg — Volume of structure (TF coil) 
A — Area of dewar (TF coil) 

(continued) 
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Definitions of symbols (continued) 

p — Perimeter of structure (TF coil) s 
P. — Perimeter of dewar (TF coil) a 
t — Winding cross-section thickness (meters) w 
L — Winding cross-section width (meters) w 
r — Radius of TF coil bore (meters) c 
t — TF coil thickness (meters) c 
L — TF coil width (meters) c 
I — Plasma current (amps) 
W ^ — Weight of iron core (tons) gt core 6 

N — Number of coils 
W — Weight of coil cap (tons) gt cap 
W . — Weight of coil post (tons) gt post 
Wgt ring o f bucking ring (tons) 
A-m — Ampere-meters 
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5- Diagnostic penetrations (flanged ports) 
No cost change with machine size. (Number and sizes of ports 

assumed to remain constant.) 

6. Laser penetrations 
No cost change with machine size. (Number and sizes "-T ports 

assumed to remain constant.) 
7. Laser viewing dump (razor wall) 

Material varies as R0a (surface area, assuming constant fraction 
of vessel area). Labor varies as R0a (number of parts proportional to 
surface area). 

8. Heating & insulation 
Material varies as R0a (surface area). Labor varies as R0a. 

(Number of elements and insulation panels proportional to surface area.) 
9. Vacuum duct 

Material varies as R0a (surface area) — changes in surface area 
result in orifice entrance to duct variation — remainder of duct can be 
scaled to the change in orifice size. Labor varies as a (linear welding 
required is a function of a single dimension). 

10. Vacuum shell support structure 
Material varies as R0a (surface area). Structure primarily de-

termined by pressure load, which varies as the surface area. Weight of 
shell is less important. Labor varies as R<>. (Complexity and number of 
supports increases with major radius.) 

11. Primary vacuum pumping system 
Constant cost, since vacuum system is basically components (pumps, 

valves, piping) which do not scale over the range being considered. 
12. Injectors 

Assumed constant. (Variations in injected power are considered 
independently for selected machines.) 

13. Vacuum pumping injectors 
Assumed constant, since injected power is assumed not to change. 

14. Power supply injectors 
Constant, since injected power is assumed not to change. 
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15. TF coil conductor 
Material varies as a function of the ampere-meters of conductor 

required. (Refer to Fig. 4 for definitions.) Establish ratio of Ref. 
Case (1) to new Case (2). 

t 
Amp-meters = 27ir JA 2ir(r + AR + (J) (L t ) m w c 2 w w 

where J is the current density (A/m3) in the winding cavity. 

x C(r + AR + -^)(J)(L t )] (A - m)wa _ c 2 w w a 
(A - m)wj ~ t 

[(r + AR + (J) (L t ) ] c £. W W 1 

for material cost. 

Labor varies as the winding cross-sectional area, A — winding of a coil w 
depends on number of turns. Assuming an individual conductor cross-section 
is constant use A as costing factor: w 

A 
1 — for labor cost A 

W i 

16. TF coil structure 
Material varies as weight (volume) of structure. Use same ap-

proach as used for winding. 

V Structure = 2Tr(r + t 12) (L - .08) (t - .08) - Vol Winding c c c c 

[ ( r c + " f ) < L c - ' 0 8 ) ( t c " - 0 8 ) - V w ] a 

for material cost 

[ ( v c + " f > ( L = - - 0 8 ) ( t c " - 0 8 ) - V w l 

V s.a 
V 

S i 
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Labor — machining and welding varies as the perimeter taken at structure 
centerline. 

P a _ L c t j j 

Pi 

t 
H . for labor cost. 

K + - f - 1 , 

17. TF coil dewar 
Material cost varies as the surface area. 

A = 2TT r L + 2ir(r + t ) L + 2TT [r + t * - r 2] c c c c c c c c ' 

[r L + (r + t )L + (r + t )a - r 2] 
A c c c c c c c c 

~ = for material cost. 
Ai 

[r L + (r + t )L + (r + t )a - r 2] C C C C C c c c 1 

Labor — welding and machining varies as the perimeter (same as structure). 

k d f L S i = i t : ^ 

Pi 

t 
M . for labor cost. 

18. TF dewar pumping 
Constant cost (same reasons as Item 11). 

19. Cryo-Refriseration facility (4.2°K) 
Material (equipment) which is required to make up for heat losses 

due to radiation varies as the surface area of the dewar. Remaining los-
ses (vapor-cooled leads, structural supports, etc.) are considered constant. 
Use material cost factor from Item 17 and apply to that portion of the fa-
cility equipment related to providing for radiative heat loss. Assume 45% 
of material cost scales, remainder is constant (based on heat loads from 
ref. case). Labor cost is constant since equipment installation is the 
primary labor item and does not change. 



16 

20. Power supply (TF colls) 
Material (equipment) cost varies as the number of coils, N, since 

power is assumed Co be supplied in modules for each coil. Labor cost also 
varies as N since installation is assumeo to be equally complex for each 
coil. 

21. OH/VF limiter coils 
Material cost varies as I Ro the length of conductor varies as R0 

and the area as I . Labor cost is assumed constant since the number of 
n 

conductors and connections is assumed constant. 
22. Coil support: (OH/VF limiter colls) 

Material cost varies as a since supports are designeu as toroidal 
ring segments, and the thickness and width are assumed to be constant. 
Labor cost varies as a since machining and welding cost would be primarily 
associated with the circumference of any support ring segment. 

23. Power supply for OH coils 
Material (equipment) cost varies as IpRo since power is EIp and 

E is a function of R0. Labor cost is constant since installation is as-
sumed to be equally complex, for larger or smaller power supplies. 

24. Power supply for VF coils 
Same variation as Item 23, for same reasons. 

25- Power supply for limiter coils 
Same variation as Item 23, for same reasons. 

26. Machine support 
Material cost is a function of the weight of the machine (exclude 

iron core and assume floor loading adequate — cost for this is included in 
building modifications — Item 33). For material cost use a weighted aver-
age from Items 15, 16, 17 (TF coil). Labor cost — same rationale as ma-
terial cost. Use weighted average from Items 15, 16, 17. 

27. Iron core 
Material cost varies as the weight of the iron. Labor cost as-

sumed constant. (Number of pieces does not vary significantly for the 
range of size changes considered.) 

28. Diagnostics 
Assumed constant cost. 
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29. Instrumentation & controls 
Assumed constant cost for the range of number oi TF coils con-

sidered. 
30. Data handling 

Assumed constant cost for the range of number of TF coils con-
sidered. 

31. Cooling tower 
Material (equipment) cost varies as I for portion associated 

with OH/VF/LIM coil cooling. This is about 70% of the material cost. Use 
I /I for 70% of base material cost; remainder to be constant. Labor 

P a P i 

assumed constant. No change in number of towers required over the size 
range being considered. 

32. Utilities 
Assumed constant cost. 

33. Building modifications 
Assumed constant costs (up to maximum size that can be acconmo-

dated in Building 9204-1). 
34. Auxiliary building 

Material cost varies as that determined for Item 19, since this 
building is to house the cryo facility. Labor is assumed constant. 

35. Land improvement 
Assume constant costs. 

36. Standard equipment 
Assume constant costs. 

37. Maintenance equipment 
Assume constant costs. 

38. Electrical special equipment 
Assume constant costs. 

39. Civil & architectural special equipment 
Machine foundation costs will vary similar to Item 26 for both 

material and labor costs. 
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40. Simulated plasma winding 
Testing configurations for a partial set of TF coils require simu-

lation of the full machine plasma. A set of water-cooled copper windings 
sized to carry the plasma current and match the plasma resistance was de-
signed based on the reference machine parameters and cost figures. Scaling 
calculations indicate that material scales as (I )2 with labor assumed con-P 
stant for the range of sizes being considered. 

41. End supports 
Testing configurations for a partial set of TF coils (sector test) 

require additional support structure to react the forces generated by mag-
netic fields. For the purposes of this study an external torque frame type 
structure was assumed and appropriate costs calculated. Cost scaling fac-
tors determined are: the material varies as R0a since the structure changes 
as the surface area it encloses and labor is assumed constant since essenti-
ally the same number of structural members is required. 

42. Bucking rings, support post, coil cap 
Consideration of TF coils within individual dewars require reac-

tion of centering forces into support structure members. A pair of bucking 
rings with appropriate structural ties to the TF coils vas assumed to pro-
vide this support. Cost scaling factors determined for these structural 
members are: materials varies as the weight of the structural parts and 
the number of coils, a; (Wt + Wt + Wt . . Labor A ries as the cap post ring 
number of coils. 
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4. ANCILLARY COMPUTER PROGRAMS 

4.1 Calculation of Consistent Sets of Machine Parameters 

A simple computer program was developed incorporating the relation-
ships among magnetic fields, currents, current densities, plasma charac-
teristics, spatial requirements of components, and sizes. Inputs and 
outputs of the program are listed below. 

Input Data 
Major Radius, R0 

Plasma Aspect Ratio, A 
Iron Core 
Clearance dimensions from plasma to coil bore, iron core to coil 
outside diameter 

Pulsed field winding location 
Number of toroidal field coils, N 
Toroidal field coil fixed dimensions such as insulation thickness 
anil winding bobbin dimensions 

Current density, J 
Materials properties such as allowable stresses and modulus of 

elasticity 
Maximum field at innermost winding 
Electron temperature 
Fulse time 
Stability factor, q 

Output Data 
Plasma size, current and major radius 
Central field, B0 
Volt-seconds required and available as determined by iron core 

dimensions 
Toroidal field coil dimensions 
Weights of machine components 

Program calculations determine the TF coil winding area required con-
sidering major radius, coil inside radius, insulation end bobbin dimensions, 
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number of coils, and current density. A wedged nose configuration is 
chosen to permit the smallest possible machine geometry. The coil geome-
try shown in Fig. 1 is used in determining the winding cross-section. 

The relationships which determine the coil cross-section are: 

B n Ro 
A w 2 x 10" NJ 

= [(Ro - r - AR) tan J - M,] 

+ /[Ail - (Ro - r - AR) tan - 2A tan £ c N w N 

Once the winding cross-section is determined, simplified stress cal-
culations are made to size the structural restraint ring. It is assumed 
that the winding has no strength in the tangential direction and acts as 
a group of rigid wedges in the radial direction. Programmed constraints 
restrict the size of machine to that permitted by physical dimensions limi-
tations . 

4.2 Calculation of Corresponding Costs 

Cost calculations were also computerized, using a program that incor-
porated the scaling relationships described in Chapter 3. Input, taken 
from the above computations and used in the cost calculations are: 

Plasma radius and current 
TF coil dimensions 
VJ eight of iron core and support structure components 
Major radius of machine and plasma 
Number of TF coils 
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4.3 Breakdown of Costs by Stages 

At one time the program plan envisioned constructing and testing first 
one 90-degree sector of superconducting TF coils, then completing the to-, , 
roidal set of coils and testing with simulation of plasma effects, and 
finally modifications to permit testing with an actual plasma. The various 
machine items and associated costs were examined to determine which should 
be included in each of these stages. Table 4 presents the breakdown that 
was developed. The numbers indicate the fraction of the cost of each ma-
chine item that is associated with each stage. For some baseline machines 
the costs of each stage, expressed as a percentage of the total cost of 
arriving at an operational machine with an actual plasma, are approximately 
as follows. 

Incremental Cumulative 

1. Sector of TF coils and neces- 25% 25% 
sary supporting equipment 

2. Full toroidal set of TF coils, 68% 93% 
equipped to simulate plasma 
effects 

3. Full toroidal set of TF coils, 7% 100% 
with actual plasma 

It should be emphasized here that, as explained in Chapter 2, the costs 
of neutral beam injectors are not included in the costs of testing the to-
roidal magnet with actual plasma. Further costs for injection and in-
creased diagnostic capabilities would be incurred in extending the opera-
tion to include high-intensity testing of plasma-related technologies and 
confinement experiments. 
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Table 4. Fractional Costs of Components in Each Phase of TTAP 

Sector 

Complete 
Torus with 
Sim. Plasma 

Act. Plasma 
No. Diagnos. 
No. Inj. 

With 
Diagnostics 
4 MW Inj. 

Cost Item 
Mach. Facil. Mach. Facil. Mach. Facil. Mach. Facil. 

1. Poloidal limiter 
2. Toroidal limiter 
3. Honeycomb wall 
4. Vacuum shell 
5. Diagnos. Pene. 
6. Laser penetration 
7. Laser viewing dump 
8. Heating/insulation 
9. Vacuum duct 
10. Vacuum shell support 
11. Vacuum shell pumping 
12. Injectors 
13. Inj. vacuum pumping 
14. Inj. power supply 
15. TF coils winding 
16. TF coils structure 
17. TF coils dewar 
18. TF dewar pumping 
19. Cryo Facil. (4.2K) 
20. TF power supply 
21. 0R/VF/L1M coils 
22. OH-VF-LIM coil spts. 
23. OH coil power sup. 
24. VF coil power sup. 
25. LIM coil pwr. sup. 
26. Machine support 

.25 

.25 

.25 

.50 
. 5 0 

. 5 0 

.75 

.75 

.75 

.50 

.85 

. S.'5 

. 5 0 

. 5 0 

1.0 
1.0 

1.0 
1.0 
1.0 
1.0 

. 2 9 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

. 1 5 

. 1 5 

. 7 1 

1.0 
1.0 

1.0 

1.0 
. 2 5 . 7 5 
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Table 4. Fractional Costs of Components in Each Phase of TTAP 
(continued) 

Cost Item Sector 

Complete 
Torus with 
Sim. Plasma 

Act. Plasma 
No. Diagnos. 
No. Inj. 

With 
Diagnostics 
4 MW Inj. 

Mach. Facil. Mach. Facil. Mach. Facil. Mach. Facil. 

27. Iron core 
28. Diagnostics 
29. Inst. & Controls .08 
30. Data handling .10 
31. Cooling tower 
32. Utilities 
33. Bldg modification 
34. Auxiliary bldg 
35. Land improvements 
36. Std. equipment 
37. Maintenance equip. 
38. Elec. Special 
39. C + A special 
40. Simul. plasma wind. 
41. End support 1.0 
42. Buck, ring, coil 

post, cap .25 

.50 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1.0 

,34 
,40 

1.0 

.75 

1.0 
.50 

.42 

.50 

1.0 
. 1 6 
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