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FOREWORD 

The Division of Magnetic Fusion Energy with the U. S. Department of Energy 

initiated within the fusion development program for tokamak power reactors a 

series of systems studies aimed at the definition of subsequent tokamak devices 
leading to a commercial prototype reactor. Since April 1976, a design team 

composed of representatives from the ORNL Fusion Energy Division and the Westing­
house Fusion Power Systems Department has been engaged in scoping studies 

associated with the definition of The Next Step (TNS) in the tokamak program 

after the TFTR. Provisional goals established for TNS include: 

• Achievement of ignition 

• Demonstration of burning dynamics 

• Evaluation of design requirements and solutions for long pulse 
operation 

• Features which extrapolate to a viable power reactor 

• Availability in the mid-to·-late 1980's 

• Being a technology forcing function in the tokamak magnetic 
fusion program 

It is in this context that the work reported herein was performed. 
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.. 
1 .0 SUMMARY 

The ORNL/Westinghouse FY 1 77 program for The Next Step (TNS) tokamak after TFTR 

examined a large number of potential configurations for D-T burning ignition 

tokamak systems. It was recognized at the outset of this study that many such 

candidate systems could be proposed for TNS and that a study to systematically 
evaluate candidate systems would be valuable. Accordingly, rather than select 

a particular TNS design for development, a systematic study was performed to 

C]P"'ntify and evaluate the trade-uffs associated with the many options available. 

Based upon the results of this study, four TNS tokamak point designs were selected, 

each representative of a given toroidal field (TF) coil technology. It should be 

noted that the primary purpose of the present document is to compile information 

on the four TNS point designs and the key systems comprising those designs. How­

ever, to put the development of these four designs into ·perspective and to provide 
a brief statement of how the TNS studies proceeded,·a section of the report is in-· 

eluded which briefly summarizes the methodology used, the manner in.which the sizing 
and costing relationships were developed, and briefly discusses the tr~de studies 
which were performed. Each of these areas is more fully discussed in separate docu­

ments to which the reader is referred for a more detailed discussion. 

The process which led to the selection of the four reference designs included the 

following elements: 

• 

• 

• 

Formulate a set of study groundrules which would focus on the 
relative differences in system performance, size and cost associated 
with the major design alternatives (as well as provide absolute cost 
estimates). ' 

Develop system and component point designs and size and cost scal­
ing relationships. 

Develop a digital computer code, called COAST{l), to integrate 
subsystem models and generate self-consistent tokamak point de­
sign descriptions and cost estimates; (COAST is an acronym for 
COsting ~nd ~izing of Iokamaks.) 

1-1 



• Perform.trad~ and ~ensitivity studies( 2) using COAST. 

• Selec~ four refef~~ce point designs. 

A number of distinctly different options of plasma-size and toroidal field (TF) 
coil technology tould satisfy the objectives of HJS. The plasma size is an 

important parame~er becaus~ itdirectly translates into size and cost and is a 

parameter tn evaluating the flexibility of the system to achieve the objectives. 
·' 

The TF coil technology is important because available options exhibit a certain 
range in the maximummagnetic field and a wide range of system complexities. 

Four different typ~s of TF coil technologies were investigated as indicated in 
the following listing: 

Designation 

TNS-1 

TNS-3 

TNS-4 

TNS-5 

TF Coil Technology 

Water~tooled copper· 

Superconducting NbTi 

Supe~conducting Nb3Sn 

Hyb~id consisting of water-cooled copper coil nested 
within a superconducting NbTi coil 

(The designati~n TNS-2 was used early in the study for a tokamak with a hydrogen 
plasma using superconducting-· .. TF coils. As the program developed, this class of 

machines wis drop~ed from furth~r consideration.) 

The range of devic~ sizes c6n~idered for the four TF coil technologies covered 
a range df the ·plasma minor radius (or horizontal half-width) from -v0.75 m to 
2.0 rn, _span~i~g-the range from TFTR size plasmas to those chosen for recent( 3 •4•5) 

Experimental Power Reactor (EPR) design studies (Figure 1-1). The device major 
radius was V.a,ried.frbm -v8-:-9 m down to some lower limits (-v4-5 m) which.were con-

:. ' . ·. . 

sistent w~th assumed~g~oundrul~~ and still allowed a viable engineering desigh. 
. . 

In most cas~s. the plasina-elongatiori w~s k~pt at 1 .6~ based on physics considera-

tions. The plasma beta value wa_s chosen as the main parameter on which to judge 

the performance or "confidence of success" of each ignition device, and was allowed 

to vary in the range from -v2% to 15% .. Two different plasma seal ings were used to 

. 1-2 
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specify the physics parameters for an ignition device, empirical scaling and 
trapped-particle-mode scaling. 

A ~ritical consideration in. the exploration of the parameter space for TNS was 
the development of groundrules and assumptions to be used in the development of 

models that are iniernally consistent and, to the greatest ex~ent possible, do 

not prejudice the outcome in an unfair manrier. A set of design assumptions was 

established to yield representative model solutions and represent the key size 
and cost sensitivities that bear on a final decision (see Table 1-1). No attempt 

was made in this study to provide detailed design solutions or to represent opti­
mum configurations. 

To allow the various TNS options to be examined under a common set of engineering 
groundrules, the COAST code was developed .. The code has been written for evaluat­

ing, in a quantifiable manner, TNS engineering.considerations. The plasma is 

specified primarily via input data; e.g., results from plasma modeling studies 

or calculations, and the tokamak device s:{zed by COAST provides all thesupport 

systems required for the assumed plasma. Over forty subsystems or principal 

components are represented in the code calculation, thus providing both flexibility 
' ' 

and refinement in examining any given d~sign. · 

The :basic logic of COAST is shown in Figure 1-2. The calculations are separated 

into a section to determine the size featune of a given design based on engineering ~ 

models and a section to determine the costs. The device features and component 

sizes are specific to the tokamak and plasma dimensions under consideration. The 

cost representations were developed based on unit cost relationship~ and are ln­
dependent of a given tokamak design. The input is divided into three distinct 

.• types of data as indicated in Figure 1-2. In general, the physics input is device 

.·independent; whereas the engineering constraints are associated with a specific 

device design.· The cost data are mainly in the form of cost coefficients for a 

component urlit size; e.g., cost per kg of fabricated stainless steel for a .TF 

coil bucking cyiinder. 

All of the major systems compr1s1·ng a complete TNS tokamak device and associated 

facility are described ·in COAST. Table 1-2. presents a summary of these systems. 
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TABLE 1-1 

KEY GROUNDRULES AND ASSUMPTIONS 

OPERATION 

Design Basis Facility Lifetime 
Total Number of Pulsing Cycles 
Pulse Repetition Period 
Pulse Scenario: 

Pulse OH 
Neutral Beam Injection 
Ignition Excursion 
Burn 
Quench 

0-1' Operation Envelope (Design Basis): 
Annua 1 Oos·e at Site Boundary 
On-Site Restricted Area Annual Dose 
On-Site Restricted Area Quarterly Oose 
On-Site Unrestricted Area Annual Dose 
Copper Electrical Insulation Dose Limit 
Upper Limits on Number of 0-T Pulses: 

Lifetime Limit 
Annua 1 Limit 

VACUUM VESSEL 

Vessel Material 
Construction 
Vessel Cross-Section 
Segmentation 
'ildll Thickness 
Toroidal Limiter 
Diagnostic Penetrations 
Peak Ru 1 k \~a 11 Temperature 
Vessel Coolant 

TOROIDAL FIELD COILS 

Number of Coils 
Conductor Type 

TNS-1 
TNS-3 
TNS-4 
TNS-5 

Coil Shape 
Peak Field at Conductor 

Cooling Mode 
Fault Protection 

POLOIDAL FIELD SYSTEM 

Conductor Material 
Location 
OH Fl u.x Swing 
Conductor Current Limit· 
Conductor Current Density Limit 
Conductor Coolant 

1-5 

10 years 
106 

300 seconds 

0-1 s 
1-7 s 
7-15 s 
15-31 s 
31-33 s 

~ mrem 
sl rem 
s600 mrem 
slOO mrem 
1010 rads 

Equivalent to 4000 full energy pulses 
Equivalent to 1000 full energy pulses 

AISI 316 SS 
!-Beam stiffened·shells (w/o bellows) 
Elliptical 
Not factored into models 
Variable 
One or two tungsten segments (radiation cooled) 
Fixed number 
4oo•c 
Water 

Variable 

Copper (H20-cooled) 
NbTi (lHe•COoled) 
Nb3Sn (LHe-cooled) 
'Copper/NbTf (H20-LHe-cooled) 

Constant tension "0" 
Copper - Variable, but values considered up. to 14T 
NbTi - Variable, but values considered up to lOT 
Nb3Sn - Variable, but values considered up to 14T 
Single phase forced flow 
Electrical provisions only 

Oxygen Free High Conductivity (OFHC) Copper 
OH windings outside TF; VF windings inside TF 

Variable 
20 ~A 
1.5 kA/cm2 

•orced flow water 



IMPURilY CONTROL TECHNIQUE 

VACUUM PUMPING 

Final Pumping Stage 
Base Pressure (Pre-'PulSe) 
Outgassing Surface Area 

TRITIUM SYSTEMS 

On-Site/In-Process T2 Inventory 
Tritium Storage 
Fuel Recovery-Recycling Plant 
Tritium Cleanup Systems 
Fueling 

NEUTRAL BEAM INJECTION LINES 

Beam Power Energy 
Single Arm Specifications 

Sources · 
Dimensions 
Number 

Vessel Aperture per Line 
Duct Shielding 

HEAT DISSIPATION SYSTEMS 

Final '_Facility Heat Sink 

Vacuum Vessel Coolant 
Shield Coolant 
Buffer Loop Coolant 
Cryogen.ic Refrigeration Systems 
Facility Air Conditioning 

Thermal Loads 

OPERATIONAL DIAGNOSTICS 

Number, Type, Penetrations 

ELECTRICAL SYSTEMS 

Fac fl i ty Feed 
SIC TF Supp 1 i es 
·cu TF ,Supp 1 i es 
Neutral Beam Supplies 
.Poloidal Field Power Supplies 
Electrical Loads 
Instrum~ntation and Control 

ARCHITECTURAL AND FACILITY 

Site 
Reactor Ce 11 

Electrical Power System Buildings 
3alance of·Plant Buildings 

II \ 

TABLE 1-1 (Co'ntinued) 

1-6 

Wa·l~ treatment (low sputtering liner, low Z 
wal.l, etc.) 
Note: It is recognized that a magnetic divertor may 

be necessary. This was examined in a parallel 
study. · 

Cryosorption pumps 
1 x 10-8 torr 
Ten times smooth.area of vessel 

Variable 
Uranium.chi~ beds 
Variable Capacity (common ap'proach) 
Variable Capacity (common approach) 
Prefill: Gaseous D-T 
Refueling: Solid T and D-T pellets 

150 keV; variable power. 

3~100 A positive ion 
7:5 m long x 4 m wide x 6 m high 
Varies with plasma conditions 

Duct 44 em wide x 120 em high 
As r.equ ired by co i1 type 

.Mechanical draft evaporative cooling towers, to 
atmosphere 
Water - variable capacity 
Borated water - variable capacity 
Wate.r - variable ca~acity 
Variable capacity 
Fixed base load, reactor cell air conciitioning 
variable · · 
VaPi·able - depending on option 

Constant in all studies 

Fixed utility constraints 
Line:driven rectifier supplies (except for hybrid) 
AC-M~ storage-rectifier conversion 
AC-M~ storage-rectifier conversion 
AC-MG storage-rectifier conversion 
Vari~ble ·- depending on option 
Fixed. for all options 

150m radius site boundary "free-standing" 
Reinforced ordinary concrete 
Ffxed: walls ( -2.9 m); cei 1 ing (- 2.3 m) 
Vertical· height fixed. 
Floor space, basement: variable 
Variab·le 
F~xed 

·.,·· 
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TABLE 1-2 

SYSTEMS REPRESENTED IN COAST 

Tokamak Systems 

Electrical Power and Control 

Tokamak Support Systems 

Neutral Beam Injection System 

Plant Facilities 

Basic device including the plasma, plasma 
exhaust system, vessel, shield, structure, 
divertor, toroidal and poloidal field coils. 

All power conversion, energy storage, instru­
mentation and control for all TF, PF coils, 
NB arms, plasma diagnostics and emergency 
systems. 

Vacuum pumping; gas handling including tritium 
storage, fuel fabrication, fuel processing, 
cryogenic distillation, tritium cleanup; 
heat transport, ventilation and air condition­
ing; radioactive waste handling; and remote 
servicing. 

Neutral beam arms and power conversion 
equipment. 

Reactor cell, buildings for power equipment. 
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For most of these studies, the plasma pulse time operating scenario has been held 

fixed under the assumptions of a one second initiation and startup period, a six 

second neutral beam injection period to reach ignition, an eight second period during 

which a thermal excursion occurs to reach steady state conditions, followed by a· 

16 second steady state burn period and then a two second quench. Hence, the total 

pulse length is~ 33 seconds. The time between pulses is fixed at five minutes 
-

(300 s), and there are assumed to be the equivalent of 1,000 full power D-T pulses 
per year. 

Using COAST, a series of parametric trade studies was performed to evaluate the 

performance and relative costs of D-T burning, ignition, TNS tokamaks over the 

size range indicated in Figure 1-1. 

In Figure 1-3, the relative cost of devices with Cu TF coils is plotted vs. major 

radius R
0 

for different values of the plasma half-width a. These curves wet~ 

obtained based on empirical plasma scaling for 20 TF coils and an elongation of 

1 .6. The plasma B is kept constant at 5% for these cases by varying the peak 
field at the TF coil, B , for each device size. Lines of constant values of max . 
Bmax of 9T and lOT are shown for reference. Note that there is a minimum in the 
cost for each plasma radius at a certain major radius R

0
. For larger values of 

~0 , the overall size of th~ device dominates the cost, even though the field at 

the TF coil is decreasing in order to keep B at 5%. For smaller values of R
0

, 

the cost also increases due to two effects - increased cost of the TF coils at the 

higher Bmax values and increased power conversion costs to supply the necessary 
flux swing through the smaller machine bore. The curves terminate at the 11 bore 

size limit 11 due to the fact that there is a minimum allowable R
0 

which is set 
by engineering considerations. 

Similar data were generated for other values of B and for the other TF coil 
technologies. The results of these calculations indicate that for each coil 

technology there is some minimum cost device at a particular a, R
0

, and Bmax 

which achieves ignition at a given s. A composite plot of these minimum cost 
devices vs·. the operating B value is shown in Figure 1-4 fo~ the four TF coil 

technology options. Values of a, R
0

, and Bmax at the end points of B = 2.5% and 

B = 10% for each coil type are shown for reference. There is a rather shnrr 
increase in cost as the B is decreased, due to the larger device sizes and peak 
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fields. Likewise, the.cost decreases for.. higher s because·a, R, and B can be J . ,, o max 
decrea~ed. Also, it can be seed that for ~ny B, the CuTF coil devices can be built · 

for the least cost. The Nb3Sn coil devices are about 30% more expensive than the 

Cu, while the NbTi and Cu/~bTi hybrid options are about 50% more costly for most s 
values. A similar observation is that for the same cost, a Cu TF coil device can 
operate at a lower s value than either NbTi or Cu/NbTi devices for the same cost. 
Details of the trade study evaluation are ~ontained in Reference 2. 

Based upon the trade study results and criteria for selecting typical point 
r 

designs, four reference point designs were· identified. These designs have not 
been optimized from either cost or performance considerations, but each design is 

self-consistent and fully delineated in terms of the necessary systems and sub­
systems. Section 4.0 presents the key features of the four designs in a ·compara­

tive way. Table 1~3 presents an overall summary of the key features of each 

design. 

As indicated in Table 1-3, the minor radius for thes~ designs is either 1.0 or 

.. l .2 m with a major radius ranging from 4.0 m for TNS-1 (Cu) to 5.7 m for TNS-3 

. (NbTi). The peak toroidal field at the winding for TNS-1 (Cu) is 10.4 T. For 

the superconducting designs, the peak field for TNS-3 (NbTi) is 9.9 T (which is 

judged to represent a significant technological risk); for the TNS-4 (Nb3Sn) 

design,the peak field at the winding is 10.9 T. Using these peak fields, the 
magnetic field on axis for each design is 5-t T. Note that the max-imum plasma 

current for these designs exceeds 3.5 MA. in each case. With respect to the 

toroidal field coils, these designs result in coil sizes of approximately 

4-5 !'i1 X 6-7 r.l. 

Also indicated in Table 1-3 is the estimated total cost in 1977 dollars for each of 

these designs. These costs are building and equipment costs only and do not include 

ehgineering, design, inspection and administration (EDIA), contingency or escalation. 

Not~ that the .least expensive design is TNS-1 (Cu) at ~289M$. Of. the two aJl super­

conducting designs, TNS-4 (Nb3Sn) is estimated to cost 388M$,.about 34~more 

expensive than THS-1, but representing a more significant advance in technology 

l-l2 
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TABLE 1-3 

KEY FEATURES OF FOUR REFERENCE POINT DESIGNS 

TF Coil Conductor 

Plasma Minor Radius, a (m) 

Plasma Major Radius, R (m) 

Plasma Elongation, 6 (-) 

Aspect Ratio, A (-) 

Field at TF Coil, Bm (T) 

Field on Axis, Bt (T) 

Toroidal Beta, at (%) 

Plasma Current, IP (mA) 

Mean Electron Density, ne (m.3) 

Mean Ion Temperature, Ti (keV) 

Energy Confinement Time, TE (s) 

. ne TE (m- 3 s) 

Total Volt-Seconds 

Plasma Volume,· VA (m3) 

Neutron Wall Load (MW/m2) 

Total Fusion Power (MW) 

Fusion Power Density (MW/m3) 

Neutral Beam Power (MW) 

Steady State Burn Time (s) 

Time Between Pulses (s) 

TF Coil Vertical Bore (m) 

TF Coil Horizontal Bore (m) 

Plasma Energy/Energy Consumed 

Number of TF Coils 

*Cost, Building & Equipment (M$) 

Relative Cost 

Annual Utility Cost (M$) 

TNS-1 

Cu 

1.0 

4.0 

1.6 

4.0 

10.4 

5.8 

5.0 

4.1 

l.6 X 1020 

13.0 

1.5 

2.4 .X 1020 

41.0 

126.3 

1.50 

658 

3.7 

40.0 

16.0 

300.0 

. 6.1 

3.8 

0.32 

20 

288.7 

1.0 

4.1 

TNS-3 

NbT1 

1.2 

5.7 

1.6 

4.7 

9.9 

5.3 

5.0 

3.8 

1.3 X 1020 

13.0 

1.8 

2.4 X 1020 

55.2 

259.2 

1.28 

795 

2.6 

57.0 

16.0 

300.0 

7.4 

5.1 

0.85 

20 

434.4 

1.50 

3.0 

· TNS-4 

Nb3Sn 

1.2 

5.0 

1.6 

4.2 

10.9 

5.3 

5.0 

4.3 

1.3 x ·1o20 

13.0 

1.8 

2.4 X 1020 

51.6 

227.6 

1.28 

698 

2.6 

50.0 

16.0 

300.0 

7.6 

4.9 

1.57 

20 

388.3 

1.34 

2.0 

*These costs are building and equipment costs only and do not include 
engineering, design, inspection and administration (EDIA), contingency 
or escalation. 
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TNS-5 

Cu/NbTi 

1.0 

4.5 

1.6 

4.5 

9;7 

5.8 

5.0 . 

3.6 

1 .6 X 1020 

13.0 

1.5. 

2.4 X 1020 

43.5· 

142.1 

1.50 

628 

3.7 

45.0 

16.0 

300.0 

9.5 

5.7 

0.51 

20 

436.0 

1.51 

3.4 
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beyond TFTR than HlS- 1 . The other superco.nduct i ng des i qn, HlS-3 ( ~·lbTi), · is 

estimated to cost 434M$, or 10% more than; TNS-4 (Nb3Sn). A detailed discussion 

of the costs and reasons for the differences is contained in Section 4.5 of the 
report. 

Section 5.0 of this report presents a brief description of the features of many 
of:the systems comprising each design. Included are descriptions of the vacuum 

vessel approaches considered, impurity control, the nuclear shielding considera­

tions, the magnet systems (toroidal and poloidal), the electrical systems, the 
heat transport systems, the tritium systems, the plasma heating system, the remote 

servicing system, the vacuum pumping system, and the plant facility considerations. 

Based on these TNS studi.es which have been conducted and reported in this and com­
panion documents, the trends and conclusions f~om the trade-off studies suggest 

that decisions about what the role of the TNS device should be must be mad~ on a 

qualitative basis. The quantitative results which have been generated suggest 

that if the TNS objective is limited to the demonstration of ignition as quickly 
as possible with the least cost, then a TNS design using copper TF coils appears 
most attractive. 

However, should the TNS objective b~ to include a demonstration of engineering 
advancement ~nd reactor technology as well as to achieve ignition, then TNS 

should be designed as a superconducting machine. Such a decision would result 

in a higher cost and would require more technology development than if the copp.er 
option were selected. Of the superconduct~ng options examined, this study suggests 

that the Nb3Sn option provides for greater field capability at an overall lower 

cost. However, the cost differential is modest (~10%) between the superconducting 

options, compared to the cost differential (~30-40%) between a copper TF machine 

and a superconducting TF machine. 
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2.0 INTRODUCTION 

An ORNL/Westinghouse design team has been engaged in the study of alternative 
strategies for a near-term (after TFTR) ignition test reactor, provisionally 
designated The Next Step (TNS), which could provide an~wers to the most pre~sing 
physics and technical feasibility questions associated with ignit~on. Principal TNS 
objectives assumed included: 1) demonstration of ignition and burning dynamics; and 
2) reactor technology forcing. The selection of an overall design approach for 

TNS required an early quantitative assessment of the most important design issues; 
namely, choice of ignition plasma design conditions (principally size and confining 
field of axis), and choice of toroidal field coil technology (resistive or super­
conducting windings). The design space investigated ih this study ranged from 
ignited plasmas (elongated) with minor radii varying between 0.8 m (TFTR-like) and 
~2.0 m (EPR-like). Four TF coil types were examined; these included copper, NbTi, 
Nb3Sn, and a hybrid design employing nested coils of ~opper and NbTi. 

The process which led to the selection of the four reference designs included the 
following clements: 

1 Formulation of a set of study groundruies to permit the study to 
focus on the relative differences in system performance, size, and 
cost associated with the major design alternatives (as well as pro­
vfde absolute cost estimates). 

1 Development of system and component point designs and size and cost 
scaling relationships. 

1 Development of a digital computer code, called COAST (COsting and. 
Sizing of Tokamaks), to integrate subsystem models andlgenerate 
self-consistent tokamak point design descriptions and cost esti­
mates. 

1 Performance of trade and sensitivity studies using COAST. 

1 Determination of selection criteria and selection.of four 
reference point designs. 
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A final step( 6) involved a further comparison of the four reference concepts 

using decision modeling techniques as a mechanism for selecting a preferred 
design approach for the TNS mission. 

Section 3.0 describes the TNS study process. Section 4.0 presents a summary 

of the parameters for the four reference point designs. Finally, Section 5.0 

presents a brief description of the design features of many of the systems com­

prising the TNS design. 
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3.0 TNS STUDY LOGIC AND PROCESS 

The studies for TNS in FY'77 were performed to support the overall objectives 
identified for TNS. The objectives identified for TNS and associated studies 
were the following: 

1 Achieve ignition and demonstrate burning dynamics 

1 Provide fur potent1al design solutions for long pulse operation 

1 Extrapolate to a viable reactor 

1 Be available in the mid-1980s 

1 Be a technology forcing function 

In the work performed in FY'77, a study logic was developed and implemented. 
This logic and as?ociated study process is described in the following sections 
to indicate the path followed to select and develop the specific point designs 
presented later in this ·report. 

3.1 FORMULATION OF STUDY GROUNDRULES 

The initial task of the TNS studies was to provide the basis for the selection 
of toroidal field coil technology and system size. A critical consideration in 
the exploration of the parameter space for TMS was the development of ground­

rules and assumptions to be used in the development of models that are internally 
consistent and, to the greatest extent possible, do not prejudice the evaluation 

process in an unfair manner. 

A set of design assumptions was established to yield representative model solutions 
and represent the key size and cost sensitivities that bear on a final decision 

(see Table 3-1). ~o atten1ot was made in this study to provide detailed design 
solutions or to represent optimum configurations, in view of the time and effort 
constraints which were identified for the work. 
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TABLE 3-1· 

KEY .GROUNDRULES AND ASSUMPTIONS 

OPERATION 

'Design Basis Facility Lifetime 
Tota 1 Number of Pulsing Cycles 
Pulse Repetition Period 
Pulse Scenario: 

Pulse OH 
Neutral Beam Injection 
Ignition Excursion 
Burn 
Quench 

D-T Operation Envelope (Design Basis): 
Annual Dose at Site Boundary 
On-Site Restricted Area Annual Dose 
On-Site Restricted Area Quarterly Dose 
On-Site Unrestricted Area Annual Dose 
Copper Electrical Insulation Dose Limit 
Upper Limits on Number of D-T Pulses: 

Lifetime Limit 
Annua 1 Limit 

VACUUM· VESSEL 

Vessel Material 
Cons true t ion 
Vessel Cross-Section 
Segmentation 
Hall Thickness 
Toroidal Limiter 
Diagnostic Penetrations 
Peak Bulk Wall Temperature 
Vessel Coolant 

· TOROIDAL FIELD COILS 

Number of Co i1 s 
Conductor Type 

TNS-1 
TNS-3 
TNS-4 
TNS-5 

Coi 1 Shape 
Peak Field at Conductor 

Cooling Mode · 
Fault Protection 

POLOIDAL FIELD SYSTEM 

Conductor Material 
Location 
OH Flux Swing 
Conductor Current Limit 
Conductor Current Density Limit 
Conductor Coolant 
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10 years 
106 

300 seconds 

0-1 s 
1-7 s 

7-15 s 
15-31 s 
31-33 s 

s5 mrem 
sl rem 
s600 !"rem 
slOO.mrem 
lo10 rads 

Equ iva 1 ent to 4000 fu 1\1 energy pu 1 ses 
Equivalent to 1000 full energy pulses 

AISI 316 SS 
!-Beam stiffened shells (w/o bellows) 
Elliptical 
Not factored into models 
Variable 
One or two tungsten segments (radiation cooledi 
Fixed number 
4oo•c 
Water 

Variable 

Copper. (H20-cooled) 
NbTi (LHe-cooled) 
Nb3Sn · ( LHe-coo 1 ed) 
Copper/NbTi (H20-LHe-cooled) 

Constant tension "D" 
Copper - Variable, but values considered up_ to 14T 
NbTi - Variable, but values considered up to lOT 
Nb3Sn -~-Variable, but·values considered up to 14T 
Single_phase forced flow 
Electrical provisions only 

Oxygen. Free High Conducti.vity (OFHC) Copper 
OH windings outside TF; VF windings inside TF 
Variable 
20 kA 
1. 5 kA/cm2 

FtJr~ed ·flow water 



.. IMPURITY CONTROL TECHNIQUE 

VACUUM PUMPING 

Final P~mping Stage 
Base Pressure (Pre-Pulse) 
Outgassing Surface Area 

TRITIUM SYSTEMS 

On-Site/In-Process T2 Inventory 
Tritium Storage 
Fuel Recovery-Recycling Plant 
Tritium Cleanup Systems 
Fueling 

NEUTRAL BEAM INJECTION LINES 

Beam Power Energy 
Single Arm Specifications 

Sources 
Dimensions 
Number 

Vessel Aperture per Line 
Duct Shield1ng 

HEAT DISSIPATION SYSTEMS 

Final Facility Heat Sink 

Vacuum Vessel Coolant 
Shield Coolant 
Buffer Loop Coolant 
Cryogenic Refrigeration System~ 
Facility Air Conditioning 

· Therma 1 Loads 

OPERATIONAL DIAGNOSTICS 

Number, Type, Penetrations 

ELECTRICAL SYSTEMS 

· Fac i1 i ty Feed 
SIC TF Supp 1 i es 
Cu TF Supplies 
Neutral Beam Supplies 
Peloidal Field Power Supplies 
Elect~ical Loads 
Instrumentation and Control 

ARCHITECTURAL AND FACILITY 

Site 
Reactor Cell 

Electrical Power System Buildings 
Balance of Plant 9uildings 

TABLE 3-1 (Continued) 
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Wall treatment (low sputtering liner, low Z 
wall, etc.) 
Note: It is recognized that a magnetic divertor may 

be necessary. This was examined in a parallel 
study. 

Cryosorption pumps 
1 x 10"8 torr 
Ten times smooth area of vessel 

Variable 
Ur~nium chip beds 
Variable Capacity (common approach) 
Variable Capacity (common approach) 
Prefill: Gaseous D-T 
Refueling: Solid T and D-T pellets 

150 keV; variable power 

3-100 A positive ion 
7,5 m long x 4 m wide x 6 m high 
Varies with plasma conditions 

Duct 44 em wide x 120 em high 
As required by coil type 

Mechanical draft evaporative cooling towers to 
atmosphere 
Water - variable capacity 
11nrilt~rl Wilter • variabh cap~city 
Water - variable capacity 
Variable capacity 
Fixed base load, reactor cell air conditioning 
variable 
VaPiable - depending on option 

Constant in all studies 

Fixed ut11ity constraints 
Line-driven rectifier supplies (except for hybrid) 
AC-MG storage-rectifier conversion 
AC-MG storage-rectifier conversion 
AC-MG storage-rectifier conversion 
Variable - depending on option 
Fixed for all options 

150m radius site boundary "free-standing" 
Reinforced ordinary concrete 
Fixed: walls (-2.9 mj; ceiling (-2.3 m) 
Vertical height fixed 
Floor' ~va.:.e, IJ4sement: variable 
Var~able 

Fixed 
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To reduce the number of variables to a ma~ageable level, engineering (and physics) ~~~ 
·judgement was used to fix certain parameters.for these studies. This c!oes not ... 
preclude treating these items as variabfes in later cost/size .sensitivity studies. 
As the studj progressed, for ex~mple, many items that were fixed~at th~ beginriing 
were rev.ised and permitted to be a variable in subsequent evaluations. All of the 
groundrules remain subject to change ~s new information becomes available or 
modeling improvements are made. 

3.2 ·DEVELOPMENT OF SYSTEM AND COMPONENT DESIGNS AND SIZE/COST SCALING 
RELATIONSHIPS· 

In creating the system modeling to be used in performing the TNS trade studies, it 
was necessary to ensure that a firm engineering basis for technical decisions was 
established. This was done by developing engineering representations for each of 
the major tolamak systems and subsystems necessary in any given TNS and then 
developing algorithm representations of these engineered systems and subsystems 
so as to permit scaling each system in size in a ·manner consistent with the changes 
in plasma ~ize and coil technology. 

This part of the process required separate engineering design studies to b~ 
·performed in many of the tokamak systems and subsystems to examine the most pro­
mising alternatives and from these make a selection and then adopt that alternative 
for 'incorporation into the computerized calculational model employed in performing 
the trade studi~s. 

·Similarly, it was necessary to develop costing information on system and facility 
components and based upon this costing information develop scaling algorithms for 
use in performing the trade study investigations. The details of this process 
are more thoroughly discussed in the progress reports issued during this study 

(References 7, 8, 9, 10·). A description of many of the key systems is given in 
Section 5.0 . 

. 3.3 DEVELOPMENT OF COAST, A COMPUTER CODE FOR THE COSTING AND SIZING. OF TNS 
TOKAMAKS. 

The engineering characteristics of the tokamak device.to follow TFTR could take 
on a number of different forms with plasmas ranging from TFTR size (and smaller) 
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.. to EPR (Experimental Power Reactor) size. The variations in· cost and degree of 
performance margin for a successful demonstration of ignition are as equally 
varied. To allow the various options to be examined under a common set of 
engineering groundrules, the COAST (COast ~nd iizing of Iokamaks) code was 
developed. This code was extended and upgraded several times, and the current 
version is version three. 

The code has been written for evaluating, in a quantifiable manner, T~IS 

engineering considerations. The plasma is specified primarily via input data; 

e.g., results from plasma modeling studies or calculations, and the tokamak device 
sized by COAST provides all the support systems required for the assumed plasma. 
Over forty subsystems or components are represented in the code calculations, thus 
providing both flexibility and refinement in examining any given design. 

3.3.1 CODE LOGIC 

The basic logic of COAST is shown in Figure 3-1. The calculations are 
separated into sections which provide for the component and system sizing based 

·on engineering models and the costing of components and systems based on cost 
relationships. The device features and component sizes are specific to the tokamak 
and plasma dimension~ under consideration. The cost representations have been 
developed based on unit cost relationships and are independent of a given tokamak 
design. As an example, the OH coil assembly is sized consistent with the available 
machine bore, but costs for the coils are obtained on the basis of fabricated con­
ductor mass required. In this example, the volt-seconds and bore requirements are 
specific to a particular design, while the costing depends only on quantity of 
materials and fabrication. 

The code input is divided into three distinct types of data as indicated in 
Figure 3-1. In general, the physics i~put is device independent; whereas the 
engineering constraints are associated with a specific device design. The cost 
data are in the form of cost coefficients for a component unit size; e.g., cost 
per kg of fabricated stainless steel for a TF coil bucking cylinder. 
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The code was written consistent with groundrules established for TNS. Within 

limits set by those groundrules, the code was generalized to the greatest extent 

possible. As much as possible, constraints and groundrules have been incorporated 
as input data and these can be readily changed to be compatible with the design 

assumptions, but there are a number of constraints which could only be incorporated 
directly in the code logic. Examples include the following: 

1 The sizing of four TF coil technologies are incorporated in the ·1 

code logic. Included are copper, niobium-titanium (NbTi), niobium­
tin (Nb3Sn), and a hybrid design using both a copper and a super­
conducting (NbTi) coil system. 

1 lhe TF coils are modeled as having a D-shape (circular TF coils 
were later added to model TFTR) and a trapezoidal cross-section 
over the entire coil circumference. 

1 The Cu TF coil power conversion system requires a motor-generator­
flywheel set. 

1 For the PF coils, only copper conductors are permitted. 

1 ·OH coils are within the machine bore. 

1 The shaping field coil currents follow the plasma current at a 
fixed ratio. 

• The plasma is ctssumed to be elliptical and heated by neutral 
beams to the required temperature.· 

1 The vessel and shield cooling system employs water coolant. 

1 There is no thermal-to-electrical power conversion. 

1 There is no tritium breeding. 

t The code sizes a complete facility including a cylindrical 
dome-topped reactor cell which is a shielded structure. 

1 The tritium systems include recycling of spent fuels with the 
incorporation of cryogenic distillation processing and equip­
ment for pellet fabrication. 

1 Complete remote servicing, a standby emergency system, and a 
radioactive waste handling service are also represented. 

1 Peloidal field coils located within the TF coil bore. 
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To maintain flexibility in COAST to allow ~urther development and expansion, •. 
each subsy~tem cal~ulation not only gener~tes relevant data to size the sub- ~ 

system~ but at the same time generates any.data which has been identified to 
impact the sizing and costing of any other:subs~stem. 

3.3.2 CODE REPRESENTATION OF TWO KEY TOKAMAK SYSTEMS 

TOROIDAL FIELD (TF) COILS 

The selection of coil technologies and associated parameters is provided by a num­
ber of input control integers. Prior to any calculations on the sizing of the TF 

coils, a number of device and plasma parameters are known either as input or cal­

culated values. For example, these include the space required in the.TF coil bore 

for the vacuum vessel, shielding, etc.; the TF ripple limits at the coil conductor 

and at the plasma edge; and the neutral beam (NB) access space. The design para­
meters requ1red for the TF coil calculations are basic to most t6il designs and 

include: maximum allowable field at conductor, structure area to conductor area 

ratio, packing factor for conductor elements, conductor current density, heat }oads 
to .the coil cooling system, refrigerant pumping powers, specifications for power 

conversion· equipment, etc. All coils are assumed to have a trapezojdal-shaped 

cross section ove~ the entire coil ~ircumference and centering for~es are handled 

either via wedging, or a bucking cylinder, or a combination of the two.~ In each 
co.il calculation, various device requirements must be met to assure system self­

consistency. Requirements such as TF ripple limits, NB access, vertical and 

horizontal space required, machine bore space required, and magnetic field limits 

are checked for such self-consistency. 

The resistive copper coil employs a stainless steel structure and uses either 

water-cooling or liquid-nitrogen cooling for a pulsed-mode of operation. The 

energy storage system for the copper option has been modeled with considerable 

,refinement. For the two superconductfng systems under present study, i.e., 

NbTi and Nb3Sn, if a bolted ~onstruction with stainless steel is assumed, the 

structure-to-conductor ratio is·calculated; otherwise, this ratio is required. 

as input.· The superconducting options have dewars around the coils (a common 

dewar for the inner legs) and the heat dissipation system is modeled taking into 

account a number of heat sources (ac losses, joint losses, etc.). The power 
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.. supply requirements for the superconducting coils, which are operated in the 

steady state, are modest and involve only the charging and discharging of the 
coils before and after periods of downtime. The fourth coil type is a hybrid 
having an inner coil of copper operated in a pulsed mode and an outer coil of 
superconducting NbTi. The code logic for developing the sizing of the hybrid 
system is considerably more complex than for the other coil types and is a 
combination of the logic developed for the copper option and the superconducting 
NbTi option. To handle the mutual interaction between the pulsed copper coils 
and the superconducting coils, the power conversion system for the superconducting 
coils is comparable to that for the copper coils. Fiqure 3-2 indicates a 
plan and elevation view of a device with superconducting TF coils as represented 
in COAST. 

POLOIDAL FIELD (PF) COILS 

The poloidal field coils consist of an ohmic heating (OH) coil set which initiates 
the plasma current and an equilibrium field (EF} coil set. All of the PF coil 
assemblies are copper systems. The OH coils are located in the machine bore 
and have an air core. The equilibrium field (EF) coils can be located either 

-within the TF bore or outside the TF coils. The various self-inductances and 
mutual inductances between various coil groups and between each group and the 
plasma can be input data or can be calculated from the coil geometry. If the EF 
coils are external to the TF coils, the various inductances must be supplied to 
COAST. The coil voltages and currents are calculated as a function of pulse 
time for purposes of rating the various power supplies. The code logic does not 
involve any system for establishing plasma stability or equilibrium criteria; it 
is assumed that such considerations are handled elsewhere either before or after 
a COAST calculation. For these calculations, the EF coil currents are modeled 
as a ratio of the plasma current for three groupings of coils - one group between 
the TF inner leg and plasma, a second between the TF outer leg and plasma, and 
a third group above as well as below the plasma. The coil voltages and the OH 
current are functions of the plasma volt-seconds (both inductive and resistive), 
the plasma current, and the coil current biasing on the OH, as well as the various 
self and mutual inductances. A model allows the resistive volt-seconds dissipated 
in the plasma to be estimated. The coil resistances are also calculated (or read 
in as an alternative), and the total energy per pulse required to operate the EF 
coils is estimated. 
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.. 3.3.3 TOKAMAK SUPPORT SYSTEMS CONSIDERATIONS 

The tokamak support systems modeled in COAST are those involving remote servicing, 
gas handling, vacuum pumping, heat removal, ventilation and air conditioning, and 

radioactive waste handling~ Each of the models is based on a reference system 
which resulted from an engineering study to develop a reasonably detailed pre­
conceptual design. These systems support the plasma and tokamak device and are 

modeled as functions of the plasma volume, reactor cell volume, or the various 
power and energy levels. Only the remote servicing was modeled independent of 

the device size or option. The gas handling systems include tritium storage, 
fuel fabrication, fuel processing, cryogenic distillation, and tritium cleanup 
(of vacuum vessel and reactor cell). Dependence on the volume of the reactor 
cell is modeled in the gas handling, the ventilation, and the radioactive waste· 
handling systems. The heat transport systems have been modeled with sufficient 
refinement to size the individual subsystems for the water cooling of the vacuum 
vessel, the copper magnetic field coils, the radiation shielding, and the general 
plant cooling. In addition, the superconducting liquid helium system and the 
liquid nitrogen systems (for the .superconducting coils) are modeled with reasonable 
detail. The vacuum pumping system is modeled as a function of the pumping speed 
required to reach base pressure and of the amount of vessel surface area on which 
each pumping station will operate to provide that pressure. Figure 3-3 is an 

illustration of how the reactor cell is modeled in COAST. 

3.3.4 DEVICE AND PLASMA OPERATING SCENARIO 

A number of parameters are required as input in order to specify the operating 
mode for the device and plasma. For the plasma, these include values for the 
various time periods, i.e., gas ionization and plasma initiation, plasma startup, 
neutral beam injection, thermal excursion to steady state, ignition or burn steady 
state, and plasma termination. Input is required for the time interval between 
plasma initiation, Cu TF coil charging time, Cu TF coil flat-top time, supercon­
ducting TF coil charging time, operating hours per day, operating days per week, 
device down time, etc. The plasma resistivity during the pulsing period, safety 
factor during initiation, and required externally-applied breakdown voltage must 
be specified by the user. The plasma time-dependent characteristics such as the 
current and temperature profiles are assumed to vary linearly or are constant with 
time over each time interval. The plasma radius is a constant over the initiation 
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period (specified by input data) and then increases linearly with time until 

the end of the plasma startup at which time the plasma is at full radius. The 
plasma inductance at each time is calculated consistent with the plasma radius 

at that time. With these calculations, the volt-seconds required of the PF coil 

systems are estimated so that the power conversion systems can be rated and 
cos ted. 

3.3.5 COSTING REPRESENTATION 

For the purpose of costing TNS, the main subsystems and components making up the 
device and facility have been divided into five categories. The first is the 
tokamak systems which involve the basic device including· the magnetic field coils 
and all the systems within the TF and machine b6res such as the vessel, poloidal 
divertor, machine structure, and device shielding. The next category is the 

electrical power and control systems which include all the energy storage, power 
conversion, instrumentation, and controls for all the coils and the NB arms, 
plasma diagnostics, and emergency systems. The tokamak support systems represent 
the third category. The fourth set of systems involves the structures and service 

equipment for the facility. Included in this are the reactor cell (a shielded 
structure); buildings for power equipment. neutral beams, controls, etc.; cranes 
and crane erections, shops, etc::. The last categor·y ·is the neutral beam injection 
system including the NB arms and the power conversion equipment. 

The cost relationship for each of the individual subsystems or components is 
represented in a manner to allow maximum flexibility. Specifically, each 
component cost is calculated as the product of a cost per unit of size (or rating} 
multiplied by the size (or rating) calculated in the sizing portion of the COAST 
code. The cost coefficients are supplied as input data and for the TNS study were 
obtained by performing a bottoms-up estimate of each system or subsystem. There 
are some variations which Jnvolve linear combinations of this pattern or which 
involve raising the sizing magnitude to a power. For an example of the normal 
pattern, the cost of the vacuum vessel assembly is obtained as the product of a 
unit cost per kg of fabricated stainless steel multiplied by the mass of the 

vessel. As an example of a variation, the PF coil water cooling system is ob­
tained as the. sum of three terms involving a unit cost for each term multiplied 
by a peak power level, an average power level, or a total energy per pulse. Each 



. of these three ,ratings are exponentiated in the cost equation. The many unit costs .. 
(~100) incorporated in COAST are separate,from th~ details of sizing the tokamak 
and can be e~valuated independently from stuclies of fabrication, machining, and 
assembly engineering considerations as in the TNS study. 

3.4 T~ADE STUDIES USING COAST 

A series of parametri~ trade studies was performed to consistently evaluate the 
relative costs and performance parameters of D-T burning toka~aks over a range of 
plasma sizes and toroidal field (TF) coil technologies. As indicated earlier, four 
different types of TF coil technologies wete investigated: water-cooled copper 
coils, superconducting NbTi and Nb 3Sn coils, and a 11 hybrid 11 coil arrangement con­
sisting of a normal conducting Ct.i coil nested within a superconducting NbTi coil. 
This section presents a condensed description of the trade studies which were per-

·.·.·· ; 

formed which provided the quantitative basis from which the four reference design 
systems d~scribed later in Section 4.0 were selected. A more detailed description 
of these trade and sensitivity studies is contained in a companion report( 2). 

3. 4.1 llEN~RAL CONSIDERATIONS .. ,. 

·· JhQre ~re a ~umber of di~tinctly different options of plasma size and toroidal 
field (TF) toil technology which could satisfy the objectives of The Next Step 
(TNS) tokamak. The plasma size is an important'parameter because it.directly 
translates. into machine and plant size and cost. In addition, the plasma size 
is a .key parameter in eva 1 uati ng the fl e~i bi 1 ity of the sys tern to. a chi eve the 
objectlves .. ·The TF coil technology is important because available options exhibit 
a certcdn range in the maximum· magnetic field and a wide range of system complex­

it1.es~ . ·Atcording.ly, this parametric trade study was performed and the results of. 

this arialysis are available for use in selecting the features of a particular ig­

nition device .. 

The dev.ice s.izes considered in these trade studies for the four TF coil tech­
nblogies covered a range in the plasma radius (or half-width) from ~0.75 m to 
2.0 m, thereby.·spanning the range from TFTR size plasmas to those chosen for re­
cent Experimental Power Reactor (EPR) design studies. The device major radius was 
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varied from 8-9 m down to.some lower limits ( 4-5 m) which were consi~tenti with 

the groundrules and engineering design considerations. This design space is 
illustrated in Figure 3-4. In most cases, the plasma elongation was kept at 

1.6. The plasma beta value was selected as a key parameter on which to judge the 

performance or 11 Confi dence of success 11 of each ignition device, and was a 11 owed 

to vary in the range from 2% to 15%. Two different plasma confinement scaling 

relationships (empirical and trapped-particle-mode) were used to specify the physics 

parameters for an ignition device. 

3.4.2 METHOD OF ANALYSIS 

An indicated, the major tool used in performing these trade studies was COAST, As 
described in Section 3.3, an extensive set of numerical calculations are performed 

in the_ code to assess the dominant features of TNS ignition tokamaks with different 
TF coil conductor materials. Required input data include parameters characterizing 

engineering constraints such as conductor current densities, magnetic field ripple 

limits, nuclear heating and dose limits, and power supply parameters, in addition 

to the plasma parameters obtained independently from the scaling laws. Sizing and 

costing models are incorporated for various components of the tokamak system. 
Sizing and costing calculations are also performed for several auxiliary components 

such as tritium and fueling systems, power conversion systems, heat removal systems, 
and the reactor cell and other facilities. The COAST code provides a generalized 

description of TNS and allows one to study the impact of the design features of 

individual components on the overall system. 

Required input to the COAST code includes the physics parameters such as density, 

temperature, and field on axis required for predicted ignition in a given size de­

vice. In these trade studies, two plasma scaling laws have been used to predict 
this information. The first model is based on empirical plasma scaling, 11 which 

has been observed in present day resistively heated, high collisionality tokamak 
experiments. The second scaling is based on a trapped-particle-mode (TPM) plasma 
transport model ,12 which involves numerically solving the spatially averaged plasma 

energy balance equations using theoretical models for the different regimes of parti­

cle transport. The main trends and conclusions from the study are found to be fairly 

3-15 



w 
I 

.m 

(/) 
. :::> 

,_. 
Cl 
·~ 

2.5 

2.0 

~ 1.0 
(/) 
c:( 
....J o..: . 

.. 
tO. 

···· .. 

TFTR 

.o 2 3 4 5 6 

R, MAJOR RADIUS (m) 

Figure 3-4. TNS Desiqn Study 

7 

ORNL 
EPR 

A = 3 

8 

4 

6 



insensitive (within ~10%) to the scaling law used to specify the physics para­
meters of an ignition device over the range of design space investigated. The 

I 
plasma temperature has been assumed to be 13 keV, representing a volume averaged 
value for steady state operation under ignition conditions. 

For most of these studies, the plasma pulse time operating scenario has been held 
fixed under the assumptions of a one second initiation and startup period, a six 
second neutral beam injection period to reach ignition, an eiqht second period 
which a thermal excursion occurs to reach steady state conditions, followed by a 
16 second steady state burn period and then a two second quench. Hence, the 
total pulse lenqth is ~ 33 seconds. The time between pulses is fixed at five 
minutes (300 s), and there are assumed to be the equivalent of 1,000 full power 
D-T pulses per year. 

The costs determined for the TNS devices are those for the buildings and equipment 
in 1977 dollars. They include all of the hardware for the tokamak system and the 
support systems, the electrical power conversion and control systems, the neutral· 
beam systems, and the reactor site and buildings. Not included are the costs for 
installation and costs for engineering, design, inspection, and administration (EDIA}, 
Also, not includ~d is a factor for contingency. The values used in this study are 
thus direct costs only. 

3.4.3 SUt~MARY OF TRADE STUDY ANALYSIS RESULTS 

In this section the results of an analysis using the COAST code are presented and 
discussed for the four TF coil technologies considered for the TNS design studies. 
In order to consistently evaluate and compare the relative costs and sizes of 
different TNS options, it is necessary to also consider some measure of the confi­
dence of success of each device. An important device parameter is the plasma beta, B, 
defined as the ratio of the volume averaged plasma pressure to the toroidal magne-
tic field pressure. The plasma B is a critical parameter for at least two reasons; 
because the plasma MHO stability is dependent on 8 and also because B is a measure 
of how efficiently the magnetic field strength is utilized. Since the primary 
mission of TNS will be to demonstrate ignition conditions and burn dynamics under 
the long pulse durations, the minimum B for which it is designed to operate will 
be an extremely important quantity in judging probability for success. Current esti­

mates based on linear ideal MHO stability calculations indicate that values of B 
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in the range of 5-10% s hou 1 d be acceptab 1 e. A 1 though TNS w-ill be designed with 
the capability of operation at some minimums, operation at hig_her s•s could be 

tested either by increasing the density or decreasing the field strength at the 

TF coil. These tests of high S operation in TNS will be extremely important in 

establishing what the upper limit on is for stable plasmas, which is very im­

portant from a reactor viewpoint. However, TNS should not be designed only to 

operate at these high s•s; i.e., TNS should have the capability to test highs 

but should not rely on it for successful demohstfation of ignition until high s 
operation is experimentally demonstrated. 

In Figure 3-5, the relative cost of devices with Cu TF coils is plotted as a 

functton of major radius, R
0

, for different values of the plasma half-width a. 

The.se curves were obtained using empirical scaling, 20 TF coils, and an elongation 
of 1 .6. The plasma s is kept constant at 5% for these cases by varying the peak 

field at the TF c6il, B , for each device size. Lines of constant values of . max 
Bmax of 9T and .JOT are shown for reference. From the figure, it can be s~en that 
there is a minimum in the cost for each plasma radius at a certain major radius 
R . For larger values of R , the overall size of the device dominates the cost, 

0 -- - 0 -

even though the field at the TF.coil is decreasing fn order to keep s at 5%. For 

smaller values of R , the cost also. increases due to two effects - increased cost 
- - 0 - -

of the TF coils at the higher B values and _increased power conversion costs to 
- , ~X -

supply the necessary flux swing through the smaller machine bo're. The curves 
terminate at the .. bore size limit .. due to the fact that there is a minimum allow­

able R
0 

which is set by engineering considerations.-

In Figures 3-6 and 3-7, sinil~r plots of the cost versus R
0 

are shown for the 

superconducting TF coil technologies for a plasma s of 5%. In Figure 3-6 for 

the NbTi coil devices, one can see the consequences of the lower peak field limits 

of the NbTi conductor, namely that the relative cost is higher due to the larger 

machine sizes necessary to achieve s = 5%. The curves terminate at a peak field 
limit of lOT, with an associated technological risk for the NbTi coils. Note 

th~t 5% s devices with 8T at the NbTi coils require very large and costly sizes. 
In Figure 3-7 for the Nb3Sn deivces, it can be seen that peak fields in 

the range of 11 - 12T are needed for s = 5% in smaller size and cost devices. 

The reason that the superconducting options require a higher peak field 

-3-18 



1-
z: 

0.5 

LU 
~ 
a.. 0.4 ..... 
::l 
CY 
LU 

Cl 
z: 
ex: 
V') 
(.!:) 
z: ..... 
Cl _, ..... 
::l 
co 
u... 
0 

I­
V') 

0 
u 0.3 

0.2 

Cu TF COILS 
EMPIRICAL SCALING 
IGNITION DEVICES 
ELONGATION = 1.6 
20 TF COILS 
a = 5% 

BORE SIZE 
LIMIT . 

= 10 T 

1.4m 

1.2m 

1.0 m 

0.8 m 

~----------~----------_.------------~----------~ 
3.0 4.0 5.0 

MAJOR RADIUS R (m) 
0 

6.0 

Figure 3-5. Cost of cu rF Devices at s = 5% 

3-19 

7.0 



V'l 
co 

I-
z 
UJ 
~ 
0.. 

:::> 
0 
UJ 

Cl 
z: 
<X: 

V1 
(.!) 
.z: -Cl 
_J . -=-co 
LL.. . 
0 

1-
V1 
0 
u 

0.65 

O.GO 

0.55 

0.50 

0.45 

0.40 

0.35 

0.30 
5.0 

NbTi TF COILS 
EMPIRICAL SCALING 
IGNITION DEVICES 
ELONGATION= 1.6 
20 TF COILS 
B = 5% 

'! ,. 

1.4m 

f.1AX • FIELO 
LIMIT c 

A 

6.0 7.0 

l.Om 

8max - 10 T 

8max = 9 T 

8max = 8 T 

~.0 

MAJOR RADIUS R
0 

(m) 

Figure 3-6. Cost of NbTi TF Devices at B = 5% 

9.0 



.. 

~ 
al 

..... 
z: 
I.U 
:::E: 
.~ ...... 

::> 
0 
I.U 

Cl 
z: 
<( 

V) 

~ 
z: ...... 
0 
...J ...... 
::> 
al 

LJ... 
0 

t;;; 
0 
u 

Nb3Sn TF COILS 
EMPIRICAL SCALING 
IGNITION DEVICES 
ELONGATION = 1 • 6 
20 TF COILS 

o. 5 a = 5% 

0.45 BORE SIZE 
LIMIT 

L2m 

0.4 

0.35 

0.3 

0.25 

0.2 
3.0 4.0 

• 8max • 

0 8max ~ 

~ 8max = 

5.0 

MAJOR RADIU~ R
0 

(m) 

l.Om 

12 T 

11 T 

10 T 

6.0 

Figure 3-7. Cost of Nb3Sn TF Devices at s = 5% 

3-21 

7.0 



!I' 

than the Cu. option in order to achieve the same field on axis (i.e., same B) is .-.I 
the additional shielding space required t~ reduce the nucTear heating in the super-~ 
conducting coils~ This shielding space plus a dewar thickness results iri a 

larger distance between the plasma center and the edge of the TF coil, and hence 
a higher peak field requirement for the NbTi and Nb 3Sn coils .. -Similar curves for 

the hybrid NbTi/Cu coil option shows peak fields at the Cu coil in the range of 

9- lOT are necessary to achieve B = 5% in smaller sized devices .. 

By examining these three figures, one can make several observatiuns. For example, 
. . 

for each coil technology,i there is a minimum cost device a~ a particular a, R0, 
and B which achieves ignition at a B of 5%. Similarly, curve~ for other s· . max · · . ' 
values exhibit this same trend. For the Cu and Cu/NbTi options, this minimum 

occurs at the smallest Minor radius which was examined, 0.8 m. However, fo~ the 
superc6nducting NbTi and ~b3 Sn options, the least costly device does not occur 

for the 0.8 m plasmas. This is because th~ smaller plasmas must operate ~t higher 

densities in order to rea~h ignition, and thus require higher fields to still - : . 

achieve a B of 5%. For s~perc6nducting devices, the TF coils constitute. a higher I . d 

fraction pf the. total cost, and hence small~r devices can be more expensive than 
slightly larger ones which operate at the same s. Df these minimum cost devices, 

the Cu: TF option is the least expensive due to its ability to .deliver a higher 
field on .axis i.n a more compact devi.ce. These figures also are able to answer 

the question of what is the ch~apest way to deliver a certain. field on axis- by 

increasing the device size at lower TF coil peak fields or increasing the peak 

field for smaller device sizes? The results tend to show there is a compromise 

between the two, but in ~eneral, it appears. to be les~ expensive to go to higher 
fields in more compact device sizes. 

Information similar to that presented in Figures 3-5, 3-6, and 3-7 was generated 

for the hybrid (Cu/NbTi) TF coil devices; In addition, similar evaluations were 
performed for other values of B, for a va ryi :1g number of TF coils, for a range of 

assumed elongations and for trapped-pa~ticle-mode confinement. 

As noted above, for each technology and p1asma beta at ignition, there is a mini­

mum cost device at a specific a, R~, and Bmax· A composite plot of thes~ minimum 
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.. cost devices ~s. the operating B value is shown in Figure 3-8 for the four 
TF coil technology options. Values of a, R , and B at the end points of o max · 
B = 2.5% and B = 10% for each coil type are shown for reference. Note that 
there is a rather sharp increase in cost as the B is decreased, due to the 
required larger device sizes and peak fields. Likewise, the cost decreases for 

higher B because a, R
0

, and Bmax can be decreased. Also, it can be seen that 
for any B the Cu TF coil devices can be built for the least cost. The Nb 3Sn 
coil devices are about 30% more expensive that the Cu, while the NbTi and Cu/NbTi 
hybrid options are about 50% more costly for most B values. A similar observation 
is that for the same cost, a Cu TF coil device can operate at a lower B than the 
other technologi~s. Likewise, Nb3Sn devices can operate at lower B values than 
either NbTi or Cu/NbTi devices for the same cost. 

This brief summary of the approach used in the TNS trade studies has been 
incorporated here to demonstrate the broad range of potential sizes which exist 
from which to select the parameters for a specific device size for a specific 
toroidal field technology. The remainder of this document focuses on the charac­
teristics of four specific TNS reference point designs, one of each of four 
toroidal field technologies under consideration. The considerations forming the 
basis for this selection are discussed in the following section. 

3.5 BASIS FOR SELECTION OF FOUR REFERENCE POINT DESIGNS 

The process of choosing four 11 typical 11 point designs, each representing a 
candidate TF magnet technology, was complicated by the desire to use these designs 
for a consistent comparison of the implications of TF technology selection. Simply 
choosing the minimum cost devices on a global basis was not practical since these 
devices would tend to have uncomfortably high values of toroidal beta or uncom­
fortably small plasma dimensions. The criteria developed were the following: 

• Ignition as calculated using empirical scaling. No margin in nT 
or magnetic field would be provided for in the selection, though, 
of course, margins in these areas would be considered in a final 
design. 

• Plasma minor radius >1 m. While the assumed scaling laws predicted 
smaller ignition devTces at relatively high magnetic fields, a 
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• 
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radius larger than 1 m was generally required to provide a 
plasma current,Ip,>3 MA. Based on alpha-particle confinement 
considerations, a plasma current >3 MA was considered essential. 

Aspect ratio <5- based upon gross stability considerations . 

Minimum cost at an average toroidal beta fixed at 5% . 

The plasma B is a critical parameter as indicated earlier. The achievemept of. 
high values of beta will permit the development of relatively compact and poten­
tially less 'expensive machines, however, current estimates based on linear, ideal 
MHO stability calculations indicate that the largest achievable e•s will be in the 
range of 5-10%. On this basis it was felt reasonable to use a fixed B of 5% as 
a common me.asure of plasma performance, along with the other stated criteria. 
Each of the devices selected would then be capable of testing high B operation, 
but successful demonstration of ignition would be predicated on achieving 
B = 5%. 

Using the preceding criteria, including a fixed B = 5%, and using the -COAST 
generated trade study results as typically illustrated by Figures 3-5 through 

3-8, four reference point designs were selected. 

' . 
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4.0 PARAMETERS FOR FOUR REFERENCE POINT DESIGNS FOR TNS 

The design features for four reference point designs for TNS are present~d in 
this section. These features include the key plasma parameters, the overall 
machine parameters, the magnetic field coil specifications, the thermal and 
auxiliary heat loads, the electrical load parameters, the fuel parameters, the 
neutral beam arm parameters, and the torus vacuum vessel and pumping !System. These 
parameters are presented in the form of comparative tables for easy reference. In 
addition to the key size and performance parameters, th~ associated capital equip­
ment and operating costs are presented for the four designs, again in comparative 
tables. Also, the operating scenarios are given. Finally, layouts of each of the 
four designs are presented. 

The four reference point designs have not been optimized on a total system basis 
(from either the cost or performance point of view). However, each design is 
self-consistent and fully delineated in terms of the arrangement, size and/or 
rating of major components in both the tokamak and in the required overall facility. 

4.1 PLASMA RELATED PARAMETERS 

Table 4-1 summarizes the key plasma related parameters for the reference designs. 
Key parameters which are fixed for all four designs include plasma elongation (1.6), 
toroidal beta (5%), mean ion temperature (13 keV), ignition parameter (ne'E = 2.4 x 
1020 m-3 s), maximum TF ripple at the plasma (peak to avg = 1 .. 0%)~ number of TF coils 
(20), the neutral beam energy (150 keV) and operating scenarios. Figure 4-1 illus­
trates the standard operating scenarios assumed in the studies. A plasma burn time 
of 16 s and a pulse operation interval of 300 s was fixed for the present comparison; 
however, these quantities were varied in the trade study td establish cost sensitivity. 

Note that the maximum plasma current for these designs exceeds 3.5 MA in each 
case. The average neutron wall loading is ~1.25- 1.50 MW ffi- 2 . The total fusion 
power (based on 21 MeV per reaction) developed by the reference designs ranges 
from 558 to 795 MW, which is judged reasonable from the point of view of hEat 
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TABLE 4-l, fl ... 
KEY PLASMA RELATED PARAMETERS 

(Empirical ·Sealing) 

TNS,..l TNS-3 
... ;-_ 

TNS,..4 TN$-5 --
TF Coil Conductor Copper NbTi N~3Sn Copper/NbTi 
Major· Radius (m) 4.0 5.7 5.0 4.5 
Minor Radius (m) l.O l. 2 1.2 l.O 
Elongation 1.6 1.6 1.6 1.6 
Shape Factor 1.3 1 .. 3 1.3 1.3 
Aspect Ratio 4.0 4.75 4.17 4.5 
Energy Confinement Time (s) 1.36 1.63 1.63 1.36 
Volume (m3) 126.3 259.2 227.6 142 .. l 
Safety Factor 3.0 3.0 3.0 3.0 
Toroidal Field on Axis (T) 5.78 5.28 5.28 5.78 
Average Ignition~ B. ·o.o5 0.05 0.05 0.05 
Max . .Plasma Current (MA) 4.07 3.76 4.28 3.62 
Plasma Inductance (lo-6 H) 7.58 ll. 99 9.74 9.17 . 

Max. TF Ripple (Pea--Avg. %) l.O l.O l.O l.O 
Ion Density (l o20 m-3) 1.6 1.33 1.33 1.6 
Ion Te~perature (keV) 13.0 13.0 . 13.0 13.0 
Neutral Beam Power ·(MW) 40 57 50 45 
Neutral Beam Energy (keV) 150 150 150 150 
Average Neutron Wall 

Loading (MW m-2) . l. 50 l. 28 l. 28 l. 50 
Total Fusion Power Gener-

ated, 21 .0· M~V/Event (Ml~) 558 '795. 698 627 
. Fusion Power Density (MW M-3) 3.70 2.57 2. 57 3.70 

EF Volt Seconds 21.8 34.3 31.2 23.9 

OH Volt .Seconds 19. l 20.9 20.4. 19.6 
Total Fusion Energy Per 

Pulse (GJ) 13.4 19.1 16.8 15.1 
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transport and rejection without productinn of electrical power. The neutral 

beam power requirements (at 150 keV) vary from 40 - 57 MW as indicated. 

4. 2 OVERALL MACHINE PARAMETERS 

Table 4-2 summarizes the key overall machine parameters. The only key parameter 

which was fixed for all four designs is a thickness (0.25 m) for a liner/limiter. 
The remaining key parameters vary with each design. 

Note that these designs result in a TF coil size of approximately 4-5 ~ x 6-7 m. 
The overall Dachine dimensions are about 10m maximum vertical height by 18m Daxi­

mum horizontal length. The ~equired reactor cell dimensions are approximately 
25 m in radius by about 20 m in internal height. 

Schematic layouts of the four designs are given in Figures 4-2 throu~h 4-5 
respectively for the reference design with copper TF coils, NbTi TF coils, 
Nb3Sn TF coils and the hybrid design wit~ nested cppper/NbTi TF coils. Eath 
drawing presents an elevation view of each device with the key features identi­
fied and key dimensions provided. From these schematic representations, the 
relative size and location of the TF and PF coil systems can be compared. 

4.3 MAGNETIC FIELD COIL PARAMETERS 

Table 4-3 pre5ents the key parameters for :the magnetic field coil sets. Included 
are ke.'t parameters for both the toroidal field (TF) coils and the po.loidal field 
(PF) coils including the various EF and OH coil systems. A key parameter which 
was fixed for all four designs was the number of TF coils (20); however, this 
parameter was varied in the trade studies over the range from 12 to 24. 

The peak field at the winding for the TNS-4 NbjSn design is 10.9 T, providing 

some engineering margin. In contrast, the TNS-3 design which employs NbTi requires 
a peak field of 9.9 T, which is presently judged to represent a sigriificant tech­
nological and operational risk with little potential design margin. It is possible 
obviously to maintain the same machine size but reduce the design peak field to 

a lower, more comfortable value. However, calculations indicate that a reduction 
to 8 Tin NbTi would require operation at a toroidal 8 of at least 7~5%and would 

result in a decreased toroidal f~eld on axis (4.3 T versus 5.3 T). 



TABLE 4-2 

OVERALL MACHINE PARAMETERS 

TNS-1 TNS-3 TNS-4 TNS-5 
(Copper) (NbTi) (Nb3Sn) (Cu/NbTi) 

Liner/Limiter Thickness (m) 0.25 0.25 0.25 0.25 

Vacuum Vessel Thickness (m) 0.165 0.175 0.175 0.165 

Shielding Thickness (m) 0.169 0.48 0.469 0.689 

Assembly Clearances (m) 0.25 0.25 0.25 0.45 

Clear Horizontal TF Bore (m) 3.8 4.7-8 4.56 4.19/5.31 

Clear Vertical TF Bore (m) 6.13 7.05 7.23 5.74/9.13 

TF Coi 1 Bobbin Thickness (m) 1.02 0.78 0.814 0.354/0.633 

Bucking Cylinder Thickness (m) 0.0 0.304 0.224 0.171 

OH Coil Thickness (m) 0.177 0.099 0.134 0.339 

Clear Bore of Torus (m) ·1 .00 1.87 l. 21 0.63 

Maximum Machine Horizontal 
Length (m) 14.10 18.9 "17.2 1 7. 1 

Maximum Machine Vertical 
Height (m) 8.2 9.4 9.7 11.2 

Reactor Cell I nterna 1 
Radius (m) 23.1 25.5 24.6 24.5 

Reactor Ce 11 Internal 
Height (m) 18.2 19.5 19.7 21.2 
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TABLE 4-:-3 

MAGNETIC F,IELD COIL PARAMETERS 

BOH (T) 

BOH, Max (T) 

~umber of EF Coils 

Total Number of Constant Tension 
D-Shaped TF Coils 

Peak TF Field at Winding (T) 

Structure/Conductor Area Ratio. for 
. TF Coils . 

Number of Turns/Bobbin TF Coils 

Radius of High Field Side of TF 
Coils (m) 

Total Ampere-Turns in TF Coil 
Set (MA·T) · 

Average Current Density (MA m- 2) 

Copper OH and EF 
TF 

TF Coil Assembly Dimensions 
Inner Radius to 

Neutral Axis (m) 
Outer Radius to 

Neutral Axis (m) 
Max. Half-Height to . 

Neutral Axis (m) 
Free Vertical Bore (m) 
Free Horizontal Bore (m) 
circumference ( m) 

/\rea (m2) 

Number of Turns in Peloidal Coil,s 

EF-1 
EF-D 

EF-0 
OH 

Max. TF .Coil Width (m) 

TF Coil System Stored ~nergy ( GJ) 

TF Coil System Mass 
Conductor (Tonne) 
Structure (Tonne) 
Dewars (Tonne) 

TNS-1 

2.18 

2.55 

20 

20 

10.4 

0.07 

2.23 

116 

15 
15 

1. 70 

6.54 

3.57 
6.13 
3.80 
19.73 
10.83 

49. 
8. 

68 

118 

0.70 

8,07 

1360 
86 

0 

~·-1 0 

TNS-3 

0.86 

0.90 

20 

20 

9.9 

L33 

5 

3.30 

15 
25 

2.86 

8.86 

4.11 

7.05 
4.78 
23.25 
14.00 

45 
8 

62 
78 

1.03 

14.2 

698 
1568 
375 

TNS-4 

1.81 

2.0 

20 

20 

10.9 

2.14 

8 

2. 61 

132 

15 
37.5 

7.97. 

4.22 
7.23 
4.56 
23.42 
11 .07 

51 

8 

71 
91 

0.82 

12.8 

506 
1325 
332 

TNS-5 

3.33 

4.82 

20 

20/20 

9.7/8.0 

0.13/1.22 

5 

2.68/2.0 

. 56/74 

15 
15/25 

2.49/1.66 

7.06/8.02 

3.05/5.08 

5.74/9.13 
4.19/5.31 
17.38/27A1 
5.48/6.58 

43 

8 

60 
115 

0.35/0.63 

11.1 

582/387 
67.4/868 
303 



4.4 THERMAL AND AUXILIARY ELECTRICAL LOADS 

Table 4-4 gives the key thermal (peak and average) and auxiliary electrical 

loads for the four designs. Loads are presented for the following systems: 
vacuum vessel, shield, neutral beam, magnetic field coils (TF, EF and OH), 

refrigeration (He and N2), experimental area ventilation and the general plant 
circulating water. 

4.5 ELECTRICAL LOAD PARAMETERS 

Table 4-5 presents a listing of the electrical and load parameters for the 
magnetic field coil sets for the four point designs. Included are peak volt/turn 
values for the coils comprising the PF system (OH, EF-I, EF-0, and EF-0) and 
the TF coils. Note that the peak values for the PF system are all of the order 
of several hundred volts/turn. The peak values forM-amp turns are given and 

range from values of 0-3 for the EF systems, 5-40 for the OH systems, and 100-150 
for the TF systems. The peak electrical power requirements are <100 MW for EF-D 
systems, 400-800 MW for the EF-I, EF-0 systems, and 2000-4000 MW for the OH sys­

tems (except for the hybrid which requires ~9000 MW). The peak stored energy 
in the TF coil systems typically range from 8000-14000 MJ. The energy consumed 

per pulse is <100 MJ for the EF-D systems, 200-1000 MJ for the EF-I, EF-0 systems, 
300-1400 MW for the OH systems and for the copper TF coils for TNS-1, the value is 
~36000 MJ. Section 5.6 presents further discussion on the electrical system 
considerations. 

4.6 FUEL PARAMETERS 

The fuel requirements for the four point designs are given in Table 4-6. The 
,tritium invent'ory required on-site is 1~2 MCi and the monthly tritium replenish­
ment is 50-75 kCi with the largest requirements for TNS-3 and the least require­
ment for TNS-1. The tritium requirements for the gaseous pre-fill range from 
about 1500 Ci/pulse for TNS-1 to about 2600 Ci/pulse for TNS-3. The tritium 
pellet refueling requirements are of the order of 1000 Ci/pulse. Jhe requirements 
for reprocessing and the composition of the material that is reprocessed are 
as indicated. Section 5.8 presents further discussion on the fuel system 

characteristics. 
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TABLE 4-4 

THERMAL AND AUXILIARY ELECTRICAL LOADS 

TNS-1 TNS-5 
THERMAL LOAD Peak Elec. THER~-1AL LOAD Peak Elec. 

Peak (MW} Avg (MW} Load ( k\~) Peak (MW) Avg (MW) Load (kW) 

Vacuum Vessel 195 16 807 220 18 908 
Shield 362 29 1499 408 33 1686 
Neutra 1 Beam 224 4 830 252 5 933 
TF Coil 322 119 3546 116 40 1535 
EF Coi 1 13 4 '1..0 14 4 
OH Coi 1 10 3 '1..0 18 6 
HE Refrigeration 0 0 '1..0 34262 
N2 Refri gera ti on 0 0 '1..0 2525 
Exp. Area Ventilation 7 3633 9 4621 
Gen. Plant Circ. Water 195 2137 164 1810 

Total 12452 48279 
.r->o 
I 

r-:~ 

TNS-3 TNS-4 
Peak El ec. Peak El ec. 

Peak (MW) Avg (M~~) Load (kW) Peak (MW) Avg (MW) Load (kW) 

Vacuum Vessel 278 22 1150 244 19 1009 
Shield 517 41 2135 454 36 1875 
Neutra 1 Beam 319 6 1182 280 6 1038 
TF Coi 1 0 0 277 0 0 309 
EF Coi 1 18 6 17 5 
OH Coi 1 4 1 10 3 
HE Refrigeration '1..0 51295 '1..0 12625 
N2 Refrigeration '1..0 2525 "JO 2525 
Exp. Area Ventilation 9 4695 9 4397 
Gen. Plant Circ. Water 152 1688 104 1193 

Total 64948 24972 





TABLE 4-6 

PRINCIPAL FUEL PARAMETERS. FOR THE FOUR TNS POINT DESIGNS 

TNS-1 · TNS-3 TNS-4 TNS-5 

TF toil Conductor · Cu NbTi Nb3Sn Cu/NbJi 

Plasma Minor Radius, m 1.0 1.2 1.2 '1.0 

Plasma Major Radius, m 4.0 5.7 5.0 4.5 

Plasma Elongation .. 1.6 1.6 1.6 1.6 

Plasma Volume, m3 126 259 227 142 

Torus· Internal Smooth Surface, m2 247 411 361 278 

On-site Standby T I~ventory, Mci 0.62 1.03 0.90 0. 70 

Peak On-site· T Inventory, Mci 1.36 1.85 1. 70 1.45 
.$::> Monthly Required T Replenishment, kCi 52.9 74.9 66.1 59.1 I· 

-+=:> U Change in T Gerie~ator-Storage Units, kg 3.28 5.44 4. 77 3.69 

T Generator Internal Volume, cm3 5470 9070 7950 6150 

T Gaseous Prefill, Ci/Pulse 1520 2590 2270 1700 

T Pellet Refueling, Ci/P~lse 869 1361 1194 977 

Fusion Fraction 0.195 0.168 0 ~ 168 0.195 

Reprocessing Quantity, gatmicampaign 7.925 13.294 11.668 8.909 

Composition of Material Reprocessed, a/o* 
H . 4.81 4. 77 4.77 4;81 

0 41.9 42.8 42.8 41.9 

T 41.8 42.7 42.7 . 41.9 

He-4 10.2 8.6 8.6 10.2 

He-3 1. 31 1 .05 1.10 1.24 

*Treated bn a smeared basis. 
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~ . 4. 7 NEUTRAL BEAM ARM PARAMETERS 

The system of neutral beam arms for a given TNS point design consists of a number 
of standard arms composed of three positive-ion sources which have a nominal cur­
rent of 100 A each. The features of a standard beam arm are given in Table 4-7. 

Section 5.9 provides further discussion of the neutral beam system considerations. 

4.8 REFERENCE DESIGN COST COMPARISON 

4.8.1 CAPITAL EQUIPMENT COSTS 

A comparison of the cost estimates of the four TNS designs is shown for the five 
major reactor systems in Table 4-8. Also, a breakdown of the ~ajar cost con­

tributors by percentage of the total cost are shown for the four designs in 
Figures 4-6 through _4-9. The building and equipment costs shown in Table 4-8 
do not include engineering, design, inspection, and administration (EUIA)~ 

contingency or escalation. 

Of the four designs, note that TNS-1 with water-cooled copper TF coils is the least 
costly (and also smallest) system (~290M$) and represents a more m6dest step-up 
from TFTR in terms of magnet technology. Of the two totally superconducting sys­
tems, TNS-4 with Nb3Sn at ~388M$ is 34% more costly than the cnrrer TNS~l; however, 
if selected for HJS, '"ould re!Jresent a strong technolog~' forcing function and 

would constitute an important step toward demonstration of reactor technology. 
The TNS-3 NbTi design at 434M$ is about 10% more costly than the TNS-4 Nb 3Sn 
design and about 50% more costly than the TNS-1 coppe~ design. The reasons for 
the cost difference between the Nb 3Sn and NbTi TF coil devices are shown in 
Table 4-9 for a typical machine '.•lith a= 1.2 m, R = 5.0rn and B = 9.0T. o max 
Note that the TF coil conductor cost is larger for the Nb3Sn, as expected; 
however, the TF coil structure cost is larger for the NbTi because its radial 
build is larger due to its lower current density limitation. The unit costs 
used for the superconductor cable, based on recent vendor quotes, were $100/kg 
for Nb 3Sn and $50/kg for NbTi. The main cost item difference is in the liquid 
He refrigeration costs, which are about twice as high for the NbTi due to its 
lower thermal operating margin. There is also a slight difference in the OH 
power supply cost due to the smaller machine bore space of the NbTi device. 
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TABLE 4c-7 

. f·IEUTRAL BEM~ ARf'1 PARM~ETERS 

Injection Energy 

. NB Pulse Length 

Charge State of Source Ions 

+ Fraction of Source Current Due to D Ions 

Injection Angle at Midplane* 

Current per Source 

Sources per NB Arm 

NB Power to Plasma per NB Arm (150 keY) 

Transmission Coefficient through Arm 

Neutralization Efficiency** 

Source Gas Efficiency 

Clear Opening of NB Duct 

Total Accel. Power per NB Arm 

Total Electrical Power per NB Arm 

Gas Throughput per Arm 

HV Pumping Speed per Arm*** 

Overall Length of NB Arm 

Overall Cross-sectional Dimensions· 

*~orizontal Injection 
**90% of Asymptotic Value 

***Based on 50 m2 of Cryopanel 
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150 keY 

6 s 

+1 

0.9 

100 A 

3 

10.4 MW 

0.87 

29% 

50% 

0.44 m x 1.20 m 

45 M~l 

rv55 MW 

-1 rv53 torr 1 s 
6 -1 rv5 X 10 1 S 

7.5 m 

3.3 m x 5.0 m 



TABLE 4-8 

COST ESTIMATE COMP.!\RISON FOR FOUR TNS POINT DESIGNS 

System Copper TF NbTi TF Nb3Sn TF Copper/NbTi TF 

Tokamak System 79.3 M$ 202.1 M$ 199.1 M$ 163.0 M$ 

Electrical Power Systems 94.6 29.8 35.9 99.4 
..;:::. 
I ___, Tokamak Support Systems 48.8 118.2 76.1 100.1 "'-.J 

Structures and Site Services 31.5 35.2 34.1 34.7 

Neutral Beam Systems 34.5 49.1 43.1 38.8 

TOTAL 288.7 M$ 434.4 M$ 388.3 M$ 436.0 M$ 



)·'·' 
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TABLE 4-9 

COMPARISON OF THE COSTS OF DEVICES WITH SUPERCONDUCTING NbTi 
AND Nb3Sn TF COILS FOR THE SAME SIZE DEVICES AND 

SAME PEAK FIELD AT THE COIL 

Item . NbTi Nb3Sn NbTi-Nb3Sn 

Total Cost (M$) 370 348 22 

TE Coi 1 Cost · 
-· - --- - --·-

85 92 -7 

Conductor* 24 37 -13 

Structure and Dewar 61 55 6 

Refrigeration Cost 50 23 27 

OH Cost 10 8 2 

TF Coi 1 Build (M) 0.73 0.61 0.12 

Device Bore (M) 1.30 1 .40 -0.10 

*Bas.ed on $100/kg for Nb3Sn and $50/kg :for NbTi .. 
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.. As can be seen from Figure 4-6 for the Cu TF coil device, the two largest cost 
items are the power conversion equipment to run the TF coils and the TF coils 
themselves. Together they constitute about 39% of the total cost. The next 
largest cost items are the neutral beam systems and power supplies, the reactor 
site and buildings, the other power conversion systems for the OH and EF coils, 
and the tokamak system which includes the vacuum vessel, liner, structure, shield­
ing, OH and EF coils, etc. Together these four items account for about 44% of the 
total. The remaining 17% of the cost is made up of the tritium·handling systems, 
remote servicing systems, and the heat removal and refrigeration systems. 

For the superconducting NbTi and Nb3Sn, Figures 4-7 and 4-8, the largest cost item, 
at 35-40% of the total, is the TF coils, which also includes the dewars, bucking 
cylinder and winding station. Other large cost components are the tokamak system, 
neutral beams, reactor site and buildings, heat removal and refrigeration systems, 
and the OH and EF power conversion systems. Note that the TF coil power conversion 
equipment cost is very small for the superconductin~f devices., The cost of the 
tokamak support systems is considerably higher for the NbTi device, due to the 
larger refrigeration (heat removal) systems cost to run the NbTi at ~lOT.· 

The hybrid Cu/NbTi device tends to have higher costs because it requires thP most 
expensive systems of each technology type. For example, it needs superconducting 
coils and. their support systems while al$0 requiring expensive power conversion 
equipment to run the Cu TF coils. 

There are several obvious differences in the cost components for the various 
devices. The TF coils are less expensive for the Cu; however, together with 
their power supplies they account for about the same fraction (40%) of the cost 
as do the superconducting coils, dewars, etc., for the NbTi and Nb3Sn devices. 
The heat removal and refrigeration systems are larger for the NbTi and Nb3Sn 
due to the cryogenics involved. Other components, such as the tokamak system, 
neutral beams, OH and EF power supplies, and reactor site and buildings, 
account for about the same fraction of the cost in both the Cu and supercon­
ducting devices. 
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4.8.2 ANNUAL UTILITY AND FUEL COSTS 

-~ 

. ' 

Th~ key annual utility and fuel cost~ for the four reference point designs are 
summarized in Table 4-10. Included are the costs to run the copper coils (PF 

in all four cases and TF in the case of TNS-1), the cool~ng and refrigeration 
systems, and the tritium systems. 

The total cost for the copper TNS-1 design is ~4.0 M$ per·year with the largest 
cost item be1ng the cost to operate the TF coils. The total cost for the two 

. . -
superconducting designs is less primarily because there is essentially no cost 
to operate the TF coils. Howe~er, the cooling and refrigeration costs for these 
designs is significant relative to the cooling cost required for the TNS-1 copper 
design .. Note that in all cases, the annual cost for fuel (tritium) is ~1 .0 M$. 
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TABLE 4-10 

ANNUAL UTILITY - FUEL COSTS (M$) 

Cu NbTi Nb3Sn' Cu/NbTi 
TNS-1 TNS-3 TNS-4 TNS-5 

POLOIDAL FIELD COILS 0.13 0.13 0.1 0.17 

COPPER TF COILS 2.47 0.00 0.00 0.84 

TRITIUM SYSTEMS 1.00 1.08 1.05 1.02 

COOLING SYSTEMS 0.45 1. 78 0.78 0.34 

TOTAL ANNUAL COST 4.05 2.98 1. 99 3.37 

RELATIVE ANNUAL COST 1.0 0.74 0.49 0.83 
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.. 
5.0 REFERENCE SYSTEM GENERIC DESIGN FEATURES 

The four reference point designs described in Section 4.0 each contain a number 
of tokamak and support systems and subsystems. Since, in general, many features 
of these systems are the same for each of the four designs, these systems are 
discussed separately in this section of the report. Included in this discussion 

are the following: 

I Vacuum Vessel 

I Impurity Control 

I Nuclear Shielding 

I Toroidal Field Magnet System 

I Poloidal Field Magnet System 

I Electrical Systems 

I Heat Transport Systems 

I Triti urn Systems 

• Plasma Heating ,. Neutral Beam System 

I Remote Servicing Systems 

• Plant Faci 1 iti es 

• Torus Vacuum Pumping System 

5.1 VACUUM VESSEL 

The reference system vacuum vessel for TNS is shown in Figure 5-l. The vessel 
concept uses 316 stainless steel elliptical segments having a shallow !-beam 
cross section. The segments, each spanning 6° of the torus, are joined together 
to form a ring stiffened shell defined.by the inner flanges of adjacent 1-beams. 

The design of the TNS vacuum vessel was guided by Section III, Division 1 -
Nuclear Power Plant Components of the ASME Boiler and Pressure Code for the 

following reasons: 
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.. 1 Compliance with a widely used and accepted safety code 
assures a reasonable degree of conservatism and consistency 
in applying the design rules 

1 Deviation from the Code could highlight new and unantici­
pated conditions which will require special consideration 

1 Non-compliance with the Code may be necessary and may indi­
cate areas where revision or extension of the Code can be 
profitably begun in anticipation of its application to 
future power reactors 

The design procedure ultir:1ately to be used on the T;lS vacuum vessel is iterative 

finite element analysis, with the size of the elements and the gradation of 
physical properties adjusted locally to provide the degree of precision neces­
sary for confidence in the adequacy of the design. This procedure, however, is 

time consuming, costly, and presupposes considerable knowledge of the design. 
For preliminary design purposes, a simpler and more direct procedure was used, 

ideally one which takes design conditions as input and calculates the geometry 
of the vessel directly. 

Stnce the vacuum vessel is externally pressurized, it can fail either plasti­

cally or by buckling; both modes of failur~s must be considere~. so a straight 

forward design calculation is not possible. An analytical procedure 13 , was 

developed at Lawrence Livermore Laboratory to predict the collapse pressure of 

underground structures which must survive or collapse predictably during under­

ground weapons tests. In this procedure .• materia 1 properties and ·vessel geometry 
are reasonably well separated and the output is the collapse pressure for a 
vessel having the specified overall geometry and materials properties, with the 
thickness of the wall the only variable. Sufficient precision ih the calcula­

tion is possible using a solid-state calculator to determine by a few iterations 

and interpolation the wall thickness required for a specific collapse pressure, 

as shown in Figure 5-2. This procedure was used in the de~ign of the vacuum 
vessel . 
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.. Once the required thickness of the wall of a uniformly thick wall vessel 

has been determined, design variations can be examined. The simplest variation 

is to replace the thick wall with an 1-beam ring. The flange width is approxi­

mately the chord across 6° of the inner equator of the torus. The thickness of 
the flanges (and for convenience the web thickness also) is the thickness required 
to make the full width of the flange effective, when both shear lag and compressive 
buckling are considered. The height of the beam, which is determined by an itera­

tive calculation, is whatever is necessary to make the moment of inertia the same 
as that of the uniform wall spanning 6° of the outer equator of the torus. The 
vacuum vessel consists of sixty of these 1-bearn elliptical rings, for strength, 
with the vacuum boundary formed by extending the inner flanges toroidall.Y and 
welding them together; these flange extensions are not effective in increasing 
the strength of the !-beams. 

Section III of the Code limits the design pressure to one-third of the collapse 
pressure. The first approximation of the collapse pressure is therefore three 
atmospheres. The highest atmospheric pressure recorded, 14 is 1000 millibars, i.e., 

0.018 MPa, The collapse pressure required by the Code would thus be 0.324 
MPa. The calculational procedure, however, specifically accounts for eccen­
tr·icity, wh1ch in establishing the Code requirements 15 , permits reducing the 
collapse pressure by 20%. Accorct·inyly, the design pressure for the vacuum 

vessel was set at 0.259 MPa. 

. 0 
The design temperature for the vacuum vessel was set at 500 C. The design 
temperature is judged high enough to permit vacuum bake-out, plasma discharge 
cleaning, and normal cyclic operation. The vessel cooling system must be de­
signed to keep the vessel below the design temperature during all these 

operations. 
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The Code limits the thermal stress function,EaAT~ to one-half the allowabl~ 

stress taken from the applicable fatigue curves. If the. mean stress at some 

location is assumed to be the yield stress, for a large number of cycles, the 

variable stress component can be no more thah the yield stress. It is, 

therefore, of interest to determine what temperature difference will cause a 

thermal stress equal to the yield stress. The results for Type 316 stain-less 

steel for base temperatures up to the design' temperature are presented in 
Figure 5-3. Local temperature excur~ions exceeding 40°C to 50°C will. cause 

significant thermal stresses. 

Figure 5-l shows the simplest vessel canfiquration con~idere~. a monocoque 
shell with no divPrtor chambers, which encloses a 2.5 m x 4.0 m (vertical) 

· ellip~e; the required shell thickness is 8.6 em and the temperatu~e ~ifference 

radially through such a thick shell is sufficient to cause melting of the 

inner surface .. The same figure shows the equivalent !-beam ring stiffened. 
shell. The thickness of the inner flange (and therefore the vac~um: shell wall) 

is 1.4 em ~nd the temperature difference radially through the vacu~m shell is 

about 450°C. 

Figure 5-4 shows ~ more complex vessel configuration having the same size 

plasma cavity but with divertor "burial chambers" above and below the plasma 

cavity. To provide space for the divertors, the vacuum vessel. height was in­

creased from 4.0 m to 5.6 m. The cavities are defined by a free-standing 
uncooled ·liner positioned by the elliptical vacuum shell._ A monocoque shell 

would be 14.9,-cm thick. An equivalent !-beam ring stiffened shell would have 

the same flange width and material thickness as in Figure 5-l (shese are 
determined by the torus dimensions and the shear-lag considerations) but the 
height of the !-beam is increased from 11.4 to 23.4 em to provide the required 

stiffness. 
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An analysis was performed to define the basic design characteristics of 

the coolant channel networks required for cooling the first-wall/vacuum 

vessel system both with and without an effective poloidal divertor system. 
The coolant, selected to be low pressure water with an inlet temperature 

of 72°C and a maximum discharge temperature of 102°C, is supplied to the 
tokamak device from the test cell basement and is distributed toroidally by 
a ring manifold at the bottom of the device external to the shielding. From 
this manifold, coolant is supplied to each vacuum vessel segment by a separate 
nozzle whose flow is in turn distributed by small toroidal coolant headers 

spanning the width of the segment. Coolant channels are provided to blanket 
all surfaces of the !-beam structure (see Figure 5-5), and are arranged 
with poloidal orientation to allow coolant inlet at the bottom of the vessel, 
and discharge at the top. Such a channel orientation minimizes manifolding 
on the vessel itself, eliminates discontinuities in the vessel temperature dis­
tribution, provides an attractive coolant channel length of one-half of the 
poloidal circumference, and requires no segment-to-segment hydraulic connections. 
The coolant discharge lines from the vessel are essentially symmetrical to the 
inlet lines and are located at the top of the device. 

Functionally, two different channel confiqurations are required. The channel 
network at the inner face of the inner !-beam flange must serve as the first 
wall. It must; therefore, provide sufficient coolant flow to remove both the 

3 neutron and gamma heating within the vessel flange, assumed to be 45 W/cm , 
and also the incident heat load from the plasma to the first wall surface, 
which will vary between about 85 W/cm2 and 28 W/cm2, depending on the design 
of plasma divertor and limiter systems. All other channel networks must be 
sized only to remove neutron/gamma heating within the associated vessel 
material. 

Although the design of coolant channel networks will be seriously impacted by 
penetrations and the vessel toroidal geometry, the channel design can be well 
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.. characterized by examining idealized cylindrical segments corresponding to 
the average toroidal segment width with no penetrations. Table 5-l summa­
rizes. the thermal hydraulic characteristics of such an idealized segment, and 
associated coolant network geometries for the various segment surfaces. The 
selection of the particular channel dimensions were based on a desire for 
uniform heating of first wall and non-first wall areas, maintenance of reasona­
ble flow velocities, pressure drops, and heat transfer coefficients, provision 
of tolerable thermal stresses through.the vessel cross section, and some judge­
ment in regard to manufacturability. 

5.2 INPURITY CONTROL 

There are potentially major deleterious effects due to impurities and helium 
in ignition devices including enhanced radiation losses, reduction of the 

·reacting fuel ion density for a fixed plasma pressure, deterioration of the 
energetic neutral beam~ modification of the current profile, high surface heat 
loads on the liner or first wall, and an increase in the nT required for 
fgnition. 

In the TNS studies described in this report, it was assumed that impurity 

control would be accomplished by a passive wall treatment which in practice 
might be ·accomplished by liner geometries (honeycombs, etc.), low Z or low 
sputteririg liner materials, or a gas blanket. Since the purpose of the current 
studies was to examine various TF coil technologies over a rather broad design 
space, this decision n?t to include an active impurity control system in designs 
employed in the trade studies was judged acceptable .. The judgement was also 
made that this decision would not bias the outcome of the trade studies. However, 
in conjuncti.on with the trade studies, a parallel investigative study was con­
ducted in which magnetic divertor designs were examined and developed. The 
following section briefly summarizes a compact po.loidal divertor design developed 
for TNS application. 
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TABLE 5-l 

THERMAL/HYDRAULIC CHARACTERISTICS* OF REFERENCE VACUUM VESSEL DESIGNS 

OVERALL SEGMENT CHARACTERISTICS 

Number of Segments 
Average Inner Flange Width (em) 
Average Outer Flange Width (em) 
Depth of Web 
Peloidal Circumference (em) 

First Wall Surface/Segment (m2) 
Surface Heat Flux (W/cm2) 
Surface Heating/Segment (MVJ) 

Segment Volume (m3) 
Nuclear Heating Rate (W/cm3) 
Nuclear Heating/Segment (r1H) 

Total Heating/Segment (MW) 
Water Vo-lume Flow/Segment (m3/s) 

Total Vacuum Vessel Head Load (MW) 

CHANNEL NETWORK CHARACTERISTICS 

Channel Pitch (em) 
Channel Width (em) 
Channel Depth (em) 
Flow Area/Channel (cm2) 
Wetted Perimeter (em) 
Hydraulic Diameter (em) 
Coolant Velocity (m/s) 

Velocity Pressure (kPa) 
Reynolds Number 
Friction Factor 
Friction Pressure Drop (kPa) 
Heat Transfer Coefficient** (W/cm2K) 
Heat Transfer Coefficient*** (W/cm2Kl 
Coolant Film Temperature Differential (K) 
Total Heat Load (MW) 
Water Volume Flow/Segment (m3/s) 

No Divertor 

First Wa 11 

60 
52.4 
39.4 
8.6 
1200 

6.29 
85.0 
5.34 

0.241 
45.0 
10.84 

16.18 
0.129 

970.8 

No Divertor With Divertor 

3.0 3.0 
2.4 2.4 
1.11 0.73 
2.66 1. 75 
7.02 6.26 
1.52 1.12 
7.0 6.0 
24.2 17.8 
193,000 122,000 
0.02 0.02 
191 190 
2. 51 2.36 
5.88 4.g3 

22.1 14.8 
8.17 4.59 
0.065 0.036 

*Heating rates are based on an early TNS reference design. 
**Based on channel wetted area. 

***Based on overall network covered area. 
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With Divertor 

60 
52.4 
39.4 
8.6 
1200 

6.29 
28.0 
1. 76 

0.241 
45.0 
10.84 

12.60 
0.100 

756.0 

Non-First Wall 

3.0 
2.4 
0.54 
1.30 
5.88 
0.88 
5.0 
12.3 
79,HOO 
0.0::' 
168 
2.14 
4.12 
10.7 
8.01 
0.064 



5.2.1 A CGr~PACT POLOIDAL DIVERTOR DESIGN FOR TNS 

This study concentrated on the "so-called" natural poloida~ divertor configuration 
where the divertor and equilibrium field (EF) coils are inside the toroidal 
field (TF) coils. It is generally conceded that to operate a tokamak at steady 
state, or for long burn times, a divertor with a high efficiency particle trap­
ping system may be necessary to reduce the impurities and fusion ashes. Aside. 
from impurity control, a divertor will also be required to handle the fuel through­
put if recycling is shown to be impractical. The concern here, assuming a mag­
netic divertor is proven to be necessary, was to find a design approach which is 
theoretically feasible and within the present day design technology. Considera­
ble attention has been focused on peloidal divertors and their advantages and 

. A 
difficulties have been discussed by other investigators. The advantages are: 
1) that the peloidal divertor is a natural result of having a peloidal field to 
maintain plasma equilibrium; and 2) that it will maintain the axisymmetric con­
figuration of the tokamak. The disadvantages are: 1) the power deposition 
on the particle collecting surfaces tend to ·be very high; 2) the enqineerinq· 
p~oblems associated with the divertor coils and par~icle collection tend to be 
very difficult; and 3) auxiliary pumping requirements are still very high. In 
the current stud~ a major focus was to develop a concept and a design to provide 
sufficient collecting area to maintain the average power deposition below 3 MW/m2 

and at the same time minimize the height of the divertor system. 

PHYSICAL CONCEPT 

The key plasma parameters chosen for the divertor study were from an early TNS 
tokamak design. The MHO equilibrium calculation of the flux pattern and the 
other analyses were based on the early design parameters. While this early 
design differs from the current reference point designs, the parameters were 
similar and the divertor design is easily adapted to the current designs. From 
stability considerations, a D-shaped plasma cross section was found to be desirable 
and. in the process of determining the required distribution of windings it was found 
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that a particular arrangement of turns led to a natural poloidal field divertor 
configuration with fluxes nea-r the null point of the D-cross section. 

The principle of the compact poloidal divertor concept is shown in Figure 
5-6. In this concept, an array of opposing coil sets is used to define a 
magnetic flux channel. Thi net current of these coil sets is designed to be zero 
so that they have negligible effect on the plasma. The lower set of coils has 
positive currents, in the same direction as the current IEF-D' whi~h form a plane 
passing through the original divertor coil. The 'upper set of coils has an equiVa­
lent negative current. The angle of the current plane with the horizontal is 
arbitrary and. is about 20°, as shown in the figure, to provide m~ximum utiliza­
tion of the space. The objective of this design vras to form a channel bet\•Jeen the· 
two criil sets by compre~sing the flux instead of expanding it vertically (the 
usual way to gain area). The height is reduced, but the width is in~reas~d 
to use as much of the available space as possible. 

The burial chamber is located 
with thickness d and width w. 
total c~rrent in each coil set 
in the burial chamber is about 
design concept and orientation 

i n F i q u re 5-7 . 

Particle Collection Methods 

inside this channel which looks like a dished washer. 
In this model, d = 0.3 m, w = 1.5 m, and the 
is I0 = 3.0 MA. The poloidal field i-ntensity BP 
1.55 T. Ba~ed on th~ above design para~eters, the 
of the divertor with respect to the tokamak is shown 

Two methods have been investigated for particle collection; these are 1) flowing 
liquid lithium and 2) solid metal collectors. These methods are illustrated in 
Figure 5-8. The flux 1 ines in the burial chamber as sketched in Figure 5-Ba 
are viewed from the top. If this flux slab is divided into 48 bun~les, the 
method of collecting the particles is to intercept the oncoming particle strea~ 
with 1 ithium-wetted screens as shown by Fi:~ure 5-8b \'thich is the .enlargement·· 
of a flux bundle AB of Figure s~sa. The .spac~ behind the screen is availab)e 
for structure, pumping ports, and a .lithium circulating path. The lithium screens 
would also be placed on the top and bottom of the collecting horn to increase the 
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collecting area. All of the structures and coils are protected from the 
particles by the lithium-wetted screens formed· in the shape of a "horn"~ There 
are a total of 192 horns whit~ give a total collecting area of~ 320m2• For 
solid getters a much larger surface area is needed to reduce the thermal· load 
and particle flux. For this purpose, each of the 48 flux bundles is divided 
into six channels as sho~tm in Figure 5-8c. The collecting !Jan·els are indi­
cated by solid lines with fins. The fins are shadowed by the panels from the 
incident charged particles and serve only as traps for scattered or secondary 
neutral particles. This is again .illustrated.by the enlarged segment. There 
are no backside walls in.these horns so that the neutrals that escape trapping 
on the fins Will enter and be gettered by the Zr/Al panels located behind the 
horns. Therefore, the power density is reduced to 0.5 MW/m2 which can be easily 
handled. The charged particle collector panel is chosen to be titantum. 

/ 

The flowing liquid lithium system is complicated and contains unknown physical 
uncertainties. The pumping requirement for helium alone is too high to handle, 
even with the·most optimistic assumptions. The fact that the removal of helium 
is one of the main purposes of the divertor led to a serious look at the use 
of solid metal getters. 

The principle and methods for using solid getters to achteve an ultrahiqh vacuum 
are well-known and such getters are commercially available. However, the use 
of solid getters to collect particles in t~e divertor burial chamber has not 
been seriously investigated. 

The mechanisms involved in collecting ions by solid metal are ion entrapment, 
atom diffusion and, in some cases, channeling is important. Practical applica­
tions are found in ion pumping. In fact, the entrapment of positive ions in 
solids. is the only si-gnificant mechanism for pumpinq rare gases such as helium. 
The trapping coefficient ranges from zero to nearly unity depending on the 
incident ion, its energy, target material ,and its temperature. 
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The divertor pumping system must be capable of maintaining a high vacuum while 
handling a large flux of very energetic particles diverted from the scrape-off 
zone of the plasma~ Thus, the collector must have the capacity for both the 
particle and thermal loads. What is desired is a high sticking probability, a 
low sputtering yield, and at the same time, the capacity for gettering large 
numbers of particles (hydrogen and helium). The other physical characteristics 
which are of,interest are the melting point, the density per mole, and thermal 
stress. The metals with high melting points investigated for this gettering 
application are surveyed and tabulated in Table 5-2. The temperature range 
given represents the range in which the sticking probability is greater than 
0.8. The capacity of the getter materials is defined as the fluence before· 
saturation occurs. The saturation fl uence, sticking probability, arid capacity 
increases with incident ion energy. Titanium has a wide and suitable tempera­
ture range, high sticking probability and high saturation fluence for hydrogen 
and a low sputtering yield for light ions. 

As shown in Table s~a, zirconium has a slightly higher sputtering yield with 
hydrogen of 3% (as compared to ~ 1% for titanium), but the optimum operating 
temperature range extends to about 390°C (as compared to 280°C for titanium). 
The cooling water required is therefore less than that for titanium.plates. 
The trade~off is a 2% in sputtering yield between these two materials against 
the cooling water requirement. Titanium and zirconium are hence two good candi­
dates as solid getters for the divertor. 

The high heating load on the leading edge of the collection needs careful 
evaluation. By rounding off the corners and curving the edges into the horn 
interior, the therma 1 1 oad can be designed to be be 1 ow 3 mvm2 concentrated on a 
1 mm strip .. Niobium or tungsten inserts could be used to protect the leading 
edges. 
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TABLE 5-2 

COMPARISON OF I-MPORTANT THER~iOPHYSICAL PROPERTIES OF SOLID GETTER MATERIALS 

(l) Sticking Probabilities for a Given Target Temperature Range. The 
Lower Sticking Probabilit~es are th~ Values at the Low and High Ends 
of the Temperature Range. 

(2) Saturation Doses and Sputtering Yields for Several Metals are for 
H+ or D+ at Normal Incident Energy Ranging from 1 to 5 keV 

Optimal (l) (2) 
Atomic Temperature Sticking Saturation Reemission 

Density Weight Range Probability Dose Constant 
g/cm3 g oc lower max em -2 k 

I 

9.16 167.3 160-650 . 0.8 0.92 - -

10.20 95.94 - 0.8 - 'V 1017 4.3 X 10""3 

8.57 92.90 .(-70)-230 0.8 0.96 2 X l 017 -
16.60 180.95 - 0.9 - l 018 -
4.50 47.90 ( -5.0) -280 0.8 0.96 1018 -

19.40 183.85 - 0.8 - 5 X 1016 -

6.49 91.22 (-10)-390 0.8 0.96 l 018 -

(2) 
Sputtering 

Yield 
% 

·:·:.-.:· 
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-
< 0.9 

-
< l.O 

-
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.. CONCLUSION 

The evaluation of the major aspects of the divertor concept presented indicates 

that it is a viable approach. This design will make most economical use of the 
space inside the TF coil array and provide very large particle collection suface 

areas which allows the use of solid collectors. Approximately 60% of the helium 
ions can be trapped by the solid metal panel, hence, the auxiliary pumping 

requirement for helium is significantly reduced. 

The divertor proposed here can be accommodated within the clearance already 
existing in the TNS design configuration examined. Regardless of which toroidal 
field coil technology is chosen, it appears that the compact divertor approach 
can be implemented with minimal impa~t on the overall machine size. 

A more comprehensive discussion of the design development of this concept and 
the supporting rationale and analyses is contained in Reference 16. 

5.3 NUCLEAR SHIELDING 

D-T plasma operation in any of the TNS options will produce large quantities of 
14.1 MeV neutrons. These ve)'Y hiyh e11eryy neutrons plus the secondary radiation 
they generate in the form of both gamma rays and lower energy neutrons will 

cause damage to materials and represent a personnel hazard. Each of these requires 
that adequate shielding be provided within the design. For the various TNS 

options, several assumptions were made regarding the radiation shieldinq 
and the manner in which it can be scaled in size, the most important of which 

are given below: 

t The shieldmaterial will be 65 v/o stainless steel and 35 v/o 
borated water (J boron atom per 68 water molecules). This 
material attenuates the neutron flux by one decade for each 
~ 18.5 em thickness. 

t The stainless steel will be in the form of balls about 1 em 
in diameter. The borated water also serves as a coolant for 
the shield. 
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• The thickness of t~e device shielding located b~tween the 
vacu~m.v~ssel and the peloidal w~nding~ w~ll be determin~d 
by l1m1t1ng the dose at the polo1dal w1nd1ngs to~ 1010 r~ds . 
over the lifetime of the device. The dose of lQlU rad~ is the 
threshold for r~diation damage to the.PF winding insulation which 
is epoxy resin bonded. mineral filled, laminated glass fiber. 

• An analytic expression, based on the results of .one-dimensional 
transport analyses (ANISN). was used to scale the thickness of 
shield material required between the vacuum vessel and the 
peloidal field cciil as a function of the neutron wall loading. 

~ The thickness of shield between the vacuum vessel and the TF 
coils will be selected so that the total time averaged nuclear 
heating rdte in the superconducting TF coils will be~ 20 kW 
(about one-third of the total pulse average heating rate in 
the TF coils). An analytic expression similar to that used 
to calculate the shield thickness for the peloidal windings was 
used to scale th~ thickness. 

e A 0.05 m thickness of lead surrounds the primary shield for all 
TNS configurations that use superconducting TF coils.· 

• The total de~ice shielding thickness will be the thickness 
required to attenuate the neutron flux (in the reactor cell) 
by~ 3.5 decades. Additional bulk shielding would not b~ 
very effective s i nee ~s% of the surface a rea of the torus is 
associated with ports and penetrati'ons through the shielding. 

• 6rdihary concrete was used as the structural ~aterial for the 
walls, ceiling, and floor of the reactor cell. · 

• The thickness of the concrete walls, ceiling, and floor 
of the reactor cell were scaled by analytic expressions to 
limit the radiation doses to personnel to the following 
values: 

• 

Restricted Areas on Site 

Annual 
Quarterly 

Unrestrict~d Areas 6n Site 

Annual 

Site Boundary 

Annual 

Design Objective 

1000 mrem 
600 mrem 

100 mrem 

5 mrem 

Shielding of thickness 0.3 m was required on the extetior 
surface of the neutral beam injector ducts. 
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.. The expressions developed for size-scaling the various nuclear shielding features 
of the design in the trade studies which have been performed are the following: 

1) The thickness, tEF' of borated-water cooled, steel shielding 
required to reduce the integrated radiation dose to the insula­

tion on the EF coils to DEF is given by 

5 JW NT TL 
tE F = 0. 0808 1 n ( 5 . 60 x 1 0 ~____,0,--:E-F--=- (meters) 

where JW is the neutron wall loading in MW m- 2, NT is the total 
equivalent number of full power pulses~ TL is the effective time, 
in seconds, at peak power during a pulse, and DEF is the permissible 
lifetime radiation dose in rads. 

2) The thickness, tTF' of borited-water cooled, steel shielding 
required to reduce the time-averaged nuclear heating rate in 

superconducting TF coils to PNTF is given by 

~·· 

·where 

a 

TL 

PNTF 

Tc 

\. PNTF l 
(a +t~ + 0.75)· 

Tc_ 

is the major radius in meters., 
-2 is the neutron wall loading in MW m , 

is the horizontal minor radius of the plasma 
in meters, 
is the distance from the outside of the plasma 
to the interior surface of the shield in meters, 

is as previously defined, 

is the permissible time-averaged heating rate 
in the TF coils in kilowatts, and 

is the pulse period in seconds. 

A thickness of 5 em of lead must be added outside tTF. 
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3) The thickness t 0, of borated-wate~ cooled, steel shielding 
required to attenuate the neutron ·flux by 3.5 decades is 

t 0 = 0.65 ~eter. 

4) The thickness of ordinary concrete required to reduce the 
annual dose outside the reactor cell walls to 100 mrem for 
1000 full energy pulses is given by 

·,·:: •,·,· ;; 

PF 
twall = 2.86 + 0.13 ln 1570 (meters) 

where PF is the peak 0-T fusion power level during the pul~e. 
This relationship assumes that the device shield provides 
3.5 decades of neutron attenuation. 

5) The thickness of ordinary concrete required for a flat 
ceiling and for the .floor of the reactor cell are given by 

PF 
tceiling = tfloor = 2· 26 + 0· 13 ln 1570 

6) The neutron wall loading is given by 

where 

-18- -2.25 x 10 n0 nT < av > 8 a 

no is the deuteron density, 

nT is the triton density, 

<av> is the Maxwellian averaged fusion 
cross-section, 

8 is the plasma elongation factor, 

a 

b.2 

is the horizontal minor radius of 
the plasma, and 

is the distance from the edge of the 
plasma to the first wall 
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.. A schematic cross section layout of the vacuum vessel and shield for the 
reference TNS with copper TF coils is given in Figure 5-9. A cross section 
layout of the shield design for the reference TNS with NbTi TF coils is given 
in Figure 5-10. 

5.4 TOROIDAL FIELD MAGNET SYSTEM 

The primary objectives for assessing the TNS options were device performance 
and cost which are significantly impacted by the TF coil configuration. It 
was considered desirable to select a coil configuration that was at least near 
term state-of-the-art as far as each coil type was concerned. 

5.4.1 COIL SHAPE AND SUPERCONDUCTOR DESIGN PARAMETERS 

The TF coils for the TNS were selected to be the pure tension D-shape design 
with trapezoidal cross section, The inner ,-egs of the coils are wedged against 
a bucking cylinder to resist the center~ng forces. The central ohmic heating 

coils are located inside the bucking cylinder and are enclosed by an inner 
common dewar. The outer portion of each TF coil is enclosed by a separate 
dewar. The individual outer dewars mate with 'the central dewar outside the 
vertical legs of the coils. 

A thermal-hydraulic analysis was completed for both the NbTi and Nb3Sn super­
conductors for a toroidal field coils for TNS-3 and TNS-4, respectively, to 
determine the thermal and fluid flow characteristics of the conductor channels 
under normal and faulted conditions. An analysis for cooling the bobbins of the 
coils was also considered. The overall dimensions for the NbTi and Nb3Sn coils 
used in performing these analyses are given in Table 5-3. These parameters are 
similar to those finally selected as the TNS reference point designs for TNS-3 
(NbTi) and TNS-4 (Nb3Sn). 

For the superconductors, a multifilamentary and cabled design was selected. Copper 

is used as the stabilizing matrix. The cables are encapsulated by a thin stain­
less steel jacket. The conductors are .cooled by forced flow. supercritica·l helium 
through the interstices of the strands. The conductors are pancake-wound around 
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TABLE 5-3 
MAJOR DESIGN PA~~ETERS OF THE NbTi AND 

Nb Sn TF COIL OPTIONS FOR TNS 
(VALUE! SELECTED FOR THERMAL ANALYSIS) 

Major Radius, R
0

, m 
Minor Radius, a, m 
Peak Field at Windi~g, Bm, T 
Field at Axis, Bt' T 
No. of Coils 
Horizontal Bore, m 
Vertical Bore, m 
Mean Coil Circumference, m 
Outer Radius of Vertical Leg, m 
Radial Build of Coil, m 
Coil Cross Sectional Area, m2 

Volume of Conductor, m3 
. 3 

Volume of Structure, m 
Stored Energy,MJ 
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TNS-3 
(NbTi) 

5.50 
1.2 
8.3 
4.3 
.20 
5.2 
7.4 

22.8 

3.1 
0.63 

10.8 

99 

118 

8900 

TNS-4 
-(Nb

3
Sn) 

4.75 
1.0 

11.6 

5.8 
20 
4.9 
7.8 

23.8 
2.6 
0.82 

11.6 

100 

217 

14000 -
\ 



the stainless steel coil support bobbins. This type of superconductor design 

and cooling method have been shown to be viable for large scale magnetic coils 
in various analyses and experiments. References 17 and 18 are two examples. The 
cabled design provides a large heat transfer surface area to strand volume ratio 
to enhance heat transfer. Forced flow cooling provides flexible control of 
coolant flow rate to assure cryogenic stability, in spite of the added power 
requirement for coolant pump work. The major design parameters of the super­

conductors are shown in Table 5-4. 

The cross sections of the two superconducting coil options are shown in Figure 
5-11. Multiple conductors are wound in parallel along the spiral slot in a 
bobbin, but are in series with those in the next bobbin. As shown in the figure 
for the TNS-3, there are five slots in a bobbin with four NbTi superconductors 
in a slot. The conductors are not graded rddially. 

For TNS-4 there are eight slots in a bobbin with three Nb3Sn superconductors 
in a slot. The conductors are graded into three radial zones to reduce the cost 
of superconductors. The conductors in the same slot are to be cooled by a 
system of parallel hydraulic channels. The coolant would enter the parallel 
channels near the innermost turn of the coil where the magnetic field is the 
highest and exit at the outermost turn into a conr~on plenum. One difficulty 
in this type of parallel channel cooling would arise when one conductor within 
a parallel flow system is driven to a normal state while the others in the 
same system remain superconducting. The transition from su~erconducting to 
normal increases the resistance to the coolant flow to the faulted channel. 
The total system coolant flow will be redistributed with the faulted channel 
receiving less than the design flow and the others receiving more coolant 
flow. The cryostability analysis to determine the coolant channel inlet flow 
rate in order to meet the stability requirement should therefore be performed 
based on a parallel channel fluid flow analysis. 

5.4.2 STABILITY ANALYSIS 

For superconducting TF coils, the superconductor and the cooling system are de­
signed to be cryostable. The cryogenic recovery capability of a given conductor 
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. T/\BL~ 5-4 

1~1AJOR DESIGN PARAHETERS OF THE NbT;i AND Nb
3
Sn SUPERCONDUCTORS 

. . FOR THE TNS-3 AND .. TNS~4' COIL OPTIONS . 
. . · (VALUES SEL,ECTED FOR THERMAL ANALY!fiS) 

. . \ 

Nominal P.eak Field, T 

Overa 11 .Average Current Density 

x 107·· Atm2 . 

SIC Operating.Current Density,· 

x 109 A/m2 . . 

Conductor Plus He Area, x 10-4 m2 

Supercond~ctor Area, x· 1 0..:4 m2 

Void Fract1 on. · . 

Cu:Bronze:Nb
3
Sn·Ratio· 

Strand Configuration 

Strand Diamete'r, .mm. 

Wetted Perimeter,. m · 
Percent Compactness. 

Hydraulic Diameter, mm 

Nom1 na l Channe 1 Length, m 

Cool ant Inlet Temperature, K . 

Approxi·ma~te Total No. of Parallel 

Channels 

Estimated Refrigeration Load (
2

) 

· .. TNS-3 (NbTi) 

. 8.0 

2.86 

0.25 

. 3 •. 72 
. ~. '; 

0.4. 

0.4 . 
4.6:1'(1), 

3x7x7 
'1. 39 

0:524 
20 

1.14 

120 
4• 

2280 
88@ 4K 

1 

12.0 

2~85 

0.65 

5. 26' 
o·.23 

0~3 

12:3:1 

1. 084 

. 0.947 

30 
0.67 
. 45'. 

TNS~4 (Nb
3
Sn) 

Zo.nes 

2. 

9~8 

3~75 

1.25 • 

4.0. 

.· 0.12 

0. 35 
. ·17.7:3:1 

3 x 7 x.l9 
Q.911 

. Ck859··. 

2,5 
0 .. 65 

50 
·s 

1233 
·38.· @· 5 K 

NOTE: · {1) V.al ue indicates copper..:to~NbTi ratio for TNS..:J. 
. . . . ' . . . . . . . . . . . - -~ 

3 

T.O 

4 .. 65 

2 •. 40 

3.23 
0.0625 
0.4 
27:3:1 

0.786 
0.793 

20 
0.65 

102 

· (2) In.clu.des' ·pumpi·ng power with/50%7~ffi'cH~ncy, nuclear heati~g, .ac · 
. lo'sse:s· and· heat 1 eakages. . ·. . 
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.. 
TNS-3 {NbTi) TNS-4 (Nb#lli-

Total MA-T 118.5 

I, kA 10 

Conductor/Coil 292.4 

Bobbin/Coil 29.6 

Slots/Bobbin 5 

Conductor/Slot 4 

Structural/SC Area Ratio 1.19 

Zone 3 

i . 

B = 7T 
0.632 m rnax 

Zone 2 

9.8 T 

Zone 1 

Bmax = 8 T 12 T 

NbTi 

Figure 5-ll. · Pancake-Wound TF Coil Cross Sections of 
TNS-3 and TNS-4 
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design is defined as the ability to recover to a fully superconducting state tl 
from an initially imposed normal zone temperature (driven to _that temperature by 
a sudden heat deposition in the conductor) over a ~iven normal zone length. 

The superconductor cryogenic stability analyses were performed for the NbTi 
and Nb3Sn superconductors to determine stability and the cooling requirements. 
The resulting recovery capabilities of the superconductors from a temperature 
excursion into the normal resistive state are shown in.Figure 5-12. Th~ 

present stability requirement groundrule specifies that the superconductors 
shall be able to recover to their fully superconducting state after an event 

. h. h . 5 ( 3 ) 1n w 1c an amount of energy of 10 J/ m of conductor plus He volume is 
suddenly de~osited in half of a turn of the conductor winding. Figure 5-12 
indicates that the NbTi design can meet the requirement with a coolant flow 
mass velocity of 7.4 g/s-cm2 per conductor and that the Nb3Sn design can meet 
the requirement with a very small flow rate. However, in order to maintain 
a turbulent flow in the Nb3Sn conductor channels, a flow mass velocity of 
2 g/s-cm2 per conductor was selected. At this mass velocity the stability 

. 5 3 
margin of the Nb3Sn superconductors is more than 3 x 10 J/m . The refrigera-
tion requirements with the selected flow rates for the two superconductor 
designs are given in Table 5-4. 

5.4.3 COIL FORCES 

The TF coil centering forces are reacted by coil nose wedging for the TNS-1 
copper option. The TNS-3 design utilizes a bu~king cylinder, whereas TNS-4 
considers a combination of bucking cylinder and coil wedging to minimize the 

. . ' . 

thickness of the bucking cylinder and provide reasonable ~edging stresses. 

Figure 5-13 i 11 us tra tes this arrangement for TNS-4 ( Nb3Sn): The TNS-5 
copper/NbTi hybrid option contains concentric rings of TF coils with the 

. . 

copper ~oils generating the high field inside the bore of the superconducting 
coil.· The centering forces on the superconducting coils are reacted through 
a bucking cylinder. Completely independent of this sy~te~ of forces, the 
centering forces on the copper coils are reacted against each other through 
the wedging faces on the copper coils. Figure 5-14 illustrates this ~rranqe-

ment·for thi's hybrid design. 
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To ffiinimize heat losses, all of the superconducting coils are enclosed in a 

nitrogen cooled common vacuum dewar. The bucking cylinder, which resists the 
coil centering forces and the coil noses are enclosed in the common central 

portion of the dewar. Individual dewars surrounding each coil outer leg are 
connected to th~ large central portion of ~he dewar. The dewar with approxi­

mately a 0.9 em vacuum gap is covered on the outside with~ 9 em of· foam 
insulation. Figure 5-15 illustrates this arrangement for the reference 

TNS with NbTi TF coils (TNS-3). 

A spoke supported concept is utilized to transmit the vertical coil out-of-plane 

loads to the outer legs of the dewar. The coil support members carry the out-of­
plane forces and the coil weight; The coil is supported around the circumference 

by the spokes (except in the wedging nose section) which are perpendicular to the 
coil plane and run from a mounting pl~te oh the coil to the dewar wall opposite. 

the mounting plate. Since the spokes are relatively long, bending stresses are 

minimized if there is relative in-plane motion between the dewar and the coil 

structure. The dewar-to-coil spoke arrangement is shown schematical·ly in 

Figur~ 5-16: 

A structural analysis of a spoke support system was performed considering the 

effects oh a coil adjacent to a faulted coil; considering the combined effect 

of the loads from a faulted coil, the field, and bending of spokes due to coil 
in-plane displacement; and considering the, thermal stresses due to a differential 

contractions of the coil, dewar, and spokes, due to cooldown to operating condi-
. . 

tions. It was determined that 16 spok~s of 1.59 em diameter would be required 
to SUpport the vertical load . .'\ total load carryinq area of 2032 cn2 per coil 

is re~uired to support the lateral ldads. :A total number of 380 sookes {eaualing 

the 2032 cm2 cross section) of various siz~s ~r~ distributed alonq the curved 
portion of the 0-coil to react the lateral ··forces. 

5.5 POLOIDAL FIELD MAGNET SYSTEM 

The poloidal field coils ar~ used to provide the initial flux swing to produce 

current in the plasma~ elongate the plasma~ produce a double poloidal null for 

the divertor, and hold the plasma in place both horizontally and vertically. 

The poloidal field coils are divided into ·the ohmic heating (OH) coil set, 
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.. which initiates the plasma current, and the equilibrium field (EF) coil set, 
which provides the remaining functions and provides a part of the flux swing. 

The OH coil set provides a change in magnetic flux enclosed by the plasma in 
order to ensure breakdown in the plasma and produce the required plasma current. 
The OH coil set provides a continuing smaller change in the flux during the 
pulse to maintain the plasma current. The variation in OH flux over the plasma 
must be held to a low value in order not to disrupt the plasma. 

The equilibrium field coils must provide a vertical field to maintain radial 
stability. The same coil set elongates the plasma moderately to an elongation 
of 1.6 and potentially provides a double poloidal null for the divertor. 

As previously indicated no divertor system was ernployed in the TNS trade studies. 

The poloidal field coil locations are as shown in Figures 4-2 through 4-5. 
The conductors are water cooled OFHC copper, insulated in typical fashion with 
layers of fiberglass or polyester tape epoxy impregnated and overwrapped with 

mylar. Alternate conductor materials were considered, but these materials proved 

unattre~ctive for various reasons compared to the OFIIC copper·. 

While both ohmic heating (OH) and equilibrium field (EF) coils were included in 
pQloidal winding studies, major effort went into establishing OH coil feasibility 
especially in the bore, where the OH coils are stacked to form a solenoid unique 
to the tokamak design. 

A stud.v was performed to provide methods for improving engineering design solu­
tions for ohmic heating solenoids. Solutions were provided to perform detailed 

structural analysis of every conducting turn in the radial build of the solenoid. 
A computer program was developed to perform this structural analysis for both 
the ideal approximation and the actual, more realistic, relationship between con­

ductor stress and solenoid flux. 

Placement of the coils of the EF coil system is an important consideration 
fnr ;:~_ flux-conserving tokamak 5uch as TNS. Theit' puq.Juse is to maintain plasma 
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equilibrium during the heatirig phase of the cycle, .at which time the plasma J. 
expands and become~ non-circular. The location of the coils relative to the 
plasma significantly influences plasma stability and power consumption 1ri the 
coils, Fbrthese teasons, the coils that provide this shaping control (designated 
as SF ~6i~{ o~ EF-I coils) are located within the bore of the TF coil array, as 
n~ar to the,.p'lasma ~s-design constraints would allow. 

This loca~i~-t1~tesulf·{in significant design problems. These can be attributed 
princi~aliy to the proxi~ity of the winding~ to the pl~sma radiation source 
and the limited access between the vessel and the TF coil bore. Evaluation 
studies bf ~esigh and maintenance issues asso~iated with the c6il location, 
clear.ly r~·yealed 'that the single most complex operation identified was the remote 

m~intenance of the coils installed in the annular space betwe~n the vacuum 
v~ssel wall.·and.the bore of the TF coil array. A variety of methods have been 
proposed to _pe~m~t maintenance and repair of the~e coils; however~ the problem 
of coil de~ign and service will not be advanced until reliable joint designs 
and remote· mainte~ance techniques bave been successfully demo~strated. 

515.2 POLOIDAL FIELD (PF) COIL OPERATING CONSIDERATIONS 

In the trade studies which. were performed, a number of key assumptions were made 
to permit evaluation of the PF coil current and voltage requirements thereby 
facilitating the definition of the associated electrical circuit requirements and 
selection of components. The electrical circuit and component requirements are 
discussed in Section 5.6. It was assumed that the currents in the EF-I, EF-0, 
and EF-0 coilS are proportional to the plasma current, Ip, during the entire 

i 

operating puls~. Recall that the EF-I coils are those PF cdils located iriside 
the plasma major radius, the EF-D coils are those located above and below the 
horizontal ~idplane which correspond to divertor-ltke locations, and the EF-0 
coils are those PF coils located outside .the plasma major radius. All of the EF 
coils are located within the bore, ·of the toroidal field (TF) coils. The OH coils 
(solenoid) ire 16t~ted ~ithin the bore of the deVice., As previously indicated, 
al,l PF ··c_qils in the present. study ·were assumed to be manufactured .irbm normal 
copper ... · 

·. -: 

····, .: j ·, 

••.. ';' i '"tf~~~~\)(J; ... . ..... · 
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In the present trade studies, the voltage and current profiles were established 
for a specified plasma current time profile. In performing the plasma startup 

e~aluation, the concept 'of a small radius startup was arbitrarily employed. It 
was assumed that during breakdown and initiation of the plasma that the minor 
radius of the plasma would be some fraction of the final full radius. Further, 
it was assumed that the breakdown and plasma initiation would occur during the 
first ~0 ms of the pulse with the initi~tion voltage constant during the first 
5 ms. During this initial 50 ms interval, the originally very high resistivity 
of the plasma will rapidly decrease, the plasma current will ramp up from zero to 
a fraction of the full startup current and the plasma voltage will decrease as 
the plasma resistivity decreases. Between 50 ms and 1 s, it was assumed that the 
plasma radius would linearly increase to the full radius value. During this 
interval, the plasma resistivity would continue to decrease, the plasma current 
1 inearly increases to the full startup current and .the plasma voltage also .con­
tinues to decrease. It should be noted that the time intervals 0-5 ms, 
5 ms- 50 ms, and 50 ms -1 s were selected based upon engineering judgement. In 
performing the calculations in COAS~'the duration of these three intervals can 

be arbitrarily varied to·determine sensitivity of the. results and this was done 
in the present trade studies. Figure 5-17 schematically portra~'S the time 
dependent vari~tion of the pla~ma current, volldye, res1stivity, and radius 
during the initiation phase of the pulse. 

During the plasma initiation period (t = 0 to t 2) the plasma radius is held 
constant at a minor radius (= a1). The plasma current increases linearly from 
0 tG a value given by 

= 

where s is the plasma shape factor, Bt is the value of toroidal 

field on axis, qin is an initial value of the safety factor (selected to be 2.0 
during this time interval) and R

0 
is the major radius. The plasma inductance is 

' . 

5-41 



(/) 

r.--z 
::::> 

>-
0:::: 
c::t: 
0:::: 

. 1---

....,..._--1.._ PLASMA FULL START-UP CURRENT 
0 
I. RESISTIVITY 

INITIATION VOLTAGE 

PLASMA 
CURRENT 

PULSE TIME 

PLASMA 
RADIUS 

LA SMA 
RESISTIVITY 

•' ··"': 'o .•• '!"Of.•,•,o;>.";:~~··.~•• •' :'•<>-•>t~,, ">•''<• -,,_; ~'" ~~'·''.·'••' •,•' •••' •, • ' ·,•,••• t ' '• '' .,, '• ' ' 

Figure. 5-17. Plasma Start-up Calculation in COAST 

5-4·2. 

I 



calculated for the radius a1 and the plasma resistivity at t= t 2 is proportional 
to Te- 312 and Te is specified. 

As indicated, the EF coil currents are assumed proportional to Ip over the pulse 
interval. The OH coil current is determined on the basis of zero flux through 
the plasma. The OH current is adjusted to account for plasma resistive volt­
seconds and assuming a 0.5 bias on the OH current. 

The various coil voltages are calculated so as to include all inductance voltages 
(including all mutual and self-inductive terms) and includino all restrictive 

voltages. 

A precise flux map for a single circular coil element proved useful in determining 
the mutual inductance between pairs of coplanar coils as well as between the coil 
pairs and the plasma. A graphical construction method was developed to also per­
mit determination of mutual impedances for non-coplanar coil pairs. Based upon 
this graphical method, families of curves were developed relating various mutual 
impedance ratios. These curves were then analytically fit to result in explicit 
formulae to determine all of the poloidal coil mutual impedances. Although a 

more sophisticated approach would be employed in the design of a given system, 
this approach was highly desirable and useful considering the large design space 
under investigation during these TNS studies. 

The resulting inductance matrices for the four reference point designs summarized 
in this report are given in Tables ~-5 through 5-8 for TflS-1 throug~ TNS-5, 
respectively. 

Based upon the time dependent assessment of voltages and currents in each coil 
of the PF coil system, the capability requirements imposed upon the various 
electrical power supply components (switches, rectifiers, etc.) were determined. 
The features of the poloidal field coil electrical circuits are described in the 
following section. 
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--------: PLASMA 

PLASMA 7.58 ! 

I U1 
I 

..j:::> 

EF-1 2.92 ..j:::> I 

l 

EF-D 2.79 

EF-0 6.83 

OH 0.575 

TABLE 5-5 

TNS-1 (COPPER 

INDUCTANCE MATRIX 

(Values on a Single Turn Basis in ~H) 

EF-1 EF-D EF-0 

2.92 
! . 
I 2.79 I 6.83 

4.99 1. 74 1.89 

1. 74 9.12 2. 72 

1.89 2. 72 12.74 

0.575 0.575 0.575 

OH R ( ~rl) 

0.575 

0.575 2.32 

0.575 19.71 

0.575 4.09 

0.544 0.123 
i 
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PLASMA 

EF-1 

EF-0 

EF-0 

OH 

TABLE 5-6 

TNS-3 (NbTi) 

INDUCTANCE MATRIX 

(Values on a Single Turn Basis in ~H) 

PLASMA EF-1 EF~D EF-0 

11.99 6.01 5.33 10.94 

6. 01 . 8.51 4.11 3.99 

5.33 4.11 15.28 
I 

5.11 

10.94 3.99 5.11 .. 17.06 I 

l 
1. 61 1. 61 1.61 I 

j 
1.61 

OH R. ( ~n) 

1.61 

1. 6·1 4.14 

1.61 32.20 

1.61 5.92 

1. 58 0.358 



TABLE 5-7 

TNS-4 (Nb3Sn) 

INDUCTANCE MATRIX 

(Values on a Single Turn Basis in JJH) 
(.]1 
I 

-~='> 

R (JJs-2) 0'1 PLASMA EF-I EF-D EF-0 OH 

PLASMA 9.74 4.38 3.97 9.03 0.688 

EF-I 4.38 6.86 2. 77 2.87 0.688 2.97 

EF-0 3.97 2.17 12.39 3.86 0.688 24.12 

EF-0 9.03 2.87 3.86 15.48 0.688 4. 72 

OH 0.688 0.688 0.688 0.688 0.664 0.169 



(.}"1 
I . ! +=- PLASMA I ....... 

I . 
PLASMA i 9.17 

I 
3.99 EF- I 

.I ! . 
EF-D I 3.68 I 

! 
I 

EF-0 8.16 

OH 0.233 

TABLE 5-8 

TNS-5 (Cu/NbTi) 
INDUCTANCE MATRIX 

(Values on a Sinq1e Turn Basis in ~H) 

! i I 
EF-I . EF-D. l EF-0 I 

I 3.99 3.68 8.16 ! 

6.20 2.59 2.62 

2.59 11.11 '3.55 

2.62 3.55 13.88 

0.233 0.233 . I 0.233 
j 

., 

R ( J.IQ) OH i 

0.233 

0.233 3.17 

0.233 25.70 

0.233 5.00 

0.201 0.034 
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5.6 ELECTRICAL SYSTEMS 

An early judgment was made to consider only water-cooled copper for the poloidal 
field coils in these trade studies, although investigations of superconducting 

'· 

systems were planned for a later phase of the study. As discussed in Section 5.5 
for the poloidal field system, two types of coils were specified. Equilibrium 

field (EF) coils were specified to positi~n and stabilize the plasm~. In order 
to explore the possibility of high B operation and moderate elongation, the EF 
coils were placed inside the TF coils and. were furth.~r subdivided into independently­
driven inner (EF-1), outer (EF-0), and divertor type (EF-D) coils. The ohmic heat­
ing (OH) coil system,placed outside the TF coils, provided volt-seconds for the 
establishment, heating and maintenance of the plasma current. The EF coils were 

specified to have a net number of ampere-turns equal to the plasma current at all 
times. This constraint minimizes pulsed heating and overturning moments in the TF 
coils. This mode of oper~tion for the EF coils also contributes a substantial 
fraction of the required plasma volt-seconds, reducing requirements on the OH 
coil system. 

The ground rules for selection of toroidal field circuits depended primarily on 
whether the toroidal field coils were superconducting or resistive. For super-

. . . t' 

conducting TF coil systems, such as the TNS-3 {NbTi) and TNS-4 (~b 3Sn) machines, 
the power supply requirements are relatively modest. The desire to have a 
reaso~ably short system-start-up time, while requiring the low voltage from the 
TF power supply led to a ,ground rule that the electrical _sy~tem sho~ld be capable 
of chargjng the TF coils, to full current in 1/2 hour. Coil current was held to 

the conservative present state-of-the-art level of 10 kA. In order to ensure 

equal current in all coils, all TF coils are connected in series. In everit of 
a fault, the low-voltage power supply is to be disconnected from the coil and 

the coil energy is to be dumped through external resistors. 

For a TF system using copper TF coils, such as the TNS-1 (all copper) and TNS~5 
(hybrid copper and niobium-titanium) machines, it was assumed that the copp~r · 

coil currents would have to be pulsed and that motor-generator-fly~heel sets 
would be necessary to buffer the TF coil power from the utility line. The cur-

. , I 

rent in the TF copper coils was to be charged, sustained and' rundow,n by a 

5-48 



.. 
i 

singl~ controlled power supply. Since the proposed pulses were of a sufficiently 
long duration (~ 30 second TF current flat-top times,~45 second charging times) 
to allow generator field control, a low-power exciter control and an uncontrolled 
diode bridge on the generator armature were selected as the controlled voltage 
source, instead of a more expensive controlled rectifier supply. The pulses are 
also sufficiently slow that a substantial portion of this pulse can be sup­
plied directly from a stiff electrical grid, without buffering. Since this 
option is site dependent, it was modeled, but not selected in the costing studies. 

5.6.1 SUPERCONDUCTING TF COIL POWER CONVERSION SYSTEM 

While the specifics of the TNS superconducting toroidal field (TF) coil design 
are tentative, a power conversion system was identified as a working conceptual 
design for use in the trade study sizing and costs evaluations. TNS-3 and TNS-4 
have superconducting coils for the TF field. TNS-5 employs a hybrid TF coil and 
uses both copper and superconducting windings. 

The TF coil will be built inn segments, where 12 < n < 28. For preliminary 
purposes a value of n = 20 was selected. The value of n does not have signifi­
cant impact on the power conversion system except where the bore of the coil ·is 
changed to maintain a fixed field ripple in the plasma region. This causes the 
total stored energy and certain power supply component sizes to decrease as the 
number of coils is increased. 

The coil current level has been tentatively set at 10 kA, which represents a 
conservative superconducting cable size. This sets the current capacity for 
the power conversion system. 

It is desirable to connect all the coil segments in series electrically to 
provide for inherently identical currents in all coil segments. For larger 
systems, it may be necessary to go to series-parallel if the energy dump 
requirements result in too high a voltage. The coil segments could be parallel 
if the energy dump requirements result in too high a voltage. The coil seg­
ments could be subdivided into 2, 3, or 4 groups with each group having its own 
power conversion system and depend upon automatic control equipment to maintain 
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. the currents.equal. However, this increases cost, complexity and risk, so this 
approach would not be used unless some coil design problem such as insulation 
forces it. Accordingly, in the current TNS design trade studies, series connec-
tion of all coil segments was assumed. 

The design for the coil system exhibits 128 H inductance~ A rea~onable time 
for bringing the TF coils up to full field is "'30 min .. This was selected as a 

compromise between taking hours to bring up the field, which would be satis­
factory as a recover-y time from a minor problem, and bri·nging up the field 
in very short times which would require very large power supplies. To get the· 
field up in a 128 H coil system i~ 30 min. requires 10000 ~8~0 1 ~8 H_= 711 V. 
Assuming that the power supply is "' 150m (bus run) from the coil terminals, 
the total resistive drop in an air cooled copper bus and rectifier can b~ 
he·ld to 12 - 15 V. The full current voltage requirement is about 725 V. Assum­
ing 15% regulation loss in the rectifier, the open circuit voltage is ~ 850 V . 

. In the ev~nt of loss of cooling, resistors are required to dump the curr~nt out 
of the coil system. The power supply cannot remove the current any· faster than 
it built it up (30 ~in.) and this is judged to be too long. 

The size of. the resistors was estimated by allowing 500 V per coil segment for dumping· 

·(although a lower voltage may be adequate). At 10 kA, th~ resistors need to be 
'V 0. 05 r. which gives (for 20 segments) a tota 1 resistance of 'V 1 Q across the 
power supply and a current drain at the peak value in the coil of 725 A ("'· 7% 
increase in power supply capability). The energy dumped in the resistors 
during startup wi 11 be 18. 6 x 1 o6 J. The energy dumped in the resistor from a 
coil dump is 6.4 x 109 J. Since the startup energy is less than 0.3% of the 
dump energy, the startup energy plays no role in sizing the resistors. Cast 
iron or steei resistors can be used with air cooling so that virtually no mainte­
nance is required and no active systems are needed. To absorb the 6.4 x l~~·J 
from 20 coils, or 3.2 x 108 J/resistor, requires 3.64 x 103 kg Fe/resistot 

.' , .. 
assuming an allowable rise· of 200 K. In ·a solid block, this would represent a· 
volume of 0.43 m3; with fins and connections each resistor will bccupy .a space 

several meters oh a side. 

- ,.. 
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Figure 5-18 illustrates the final TF circuit configuration for the superconduct­
ing designs with several features added. There is a grounding resistor connected 
from the center of the coil segment array to ground. This was selected to limit 
fault current under worst case conditions (during dumping) to 50 A, and is 100 ~. 
Two isolation and grounding switches have been added to separate the coils from 
the power system. A saturable reactor will be required with the coil dump switch 

to allow clearing the arc over a wide range of currents. A solid state free­
wheeling thyristor has been added across the power supply to provide a path 
for coil current to bypass the rectifier. This permits the coil current to 

. free-wheel during the test so that there is no ripple voltage (ac) applied 
to the coil. The rectifier would otherwise cause a peak-to-peak voltage of 

over 800 volts at 360 Hz when its nominal output was zero. This thyristor can 
also be used to prevent damage to the rectifier components when ac to the recti­
fier is lost or when gate control is lost. 

On the basis of reduced cost, reduced complexity, and reduced number of large 
electrical buses to. be taken out of the reactor cell, the simplified version 
of the circuit given in Figure 5-18 is recommended for the HIS application . 

. 
5.6.2 COPPER AND HYBRID TF COIL POWER CONVERSION SYSTEMS 

The TNS-1 design uses copper TF coils and will, therefore, require a flywheel 
generator as an energy storage system as shown in Figure 5-19. The 0enerator 
will operate as a motor as it is brought up to speed with a variable frequency 
inverter which operates off a rectifier supplied by the 60 hertz line. Power 
will not be drawn from the line during an experiment. 

At a predetermine~ time before plasma initiation, the phase control power supply 
will be turned on and the TF coil current raised to a 
tained there until the end of the experiment at which 
to zero by operating the power supply as an inverter. 
to the flywheel generator. 

5-51 

prescribed value and main­
time the current is driven 
This returns coil energy 



AC -· 

'· 
PHASE CONTROL ; 
POWER ~UPPL,Y L_ 

: .;S. 

' . . ~ . ~ 
Y• o • • ,··.·~·· ,:• !"< _.';,.,_:,:~: J'<_' • ,1_~.•'.! ..... ~ . . . 

'·' 
' 

. ! 

SC TF COIL SEGMENTS 

~- -128H >· 

UTILITY 
TUNNEL 

VUMP R,;SISTORS . ,, . ~ ..... ·r-- .,.,y---.,.,. 
( • .. 7 .. J -_-- I~~------·---.-

FREHJHEEuuq ~:_l. .· . . . 
THYRISTOR 1J l . * NON LOAD BREAK . 

. DUMP ! ~ ISOLATION AND 
SWITCH l GROUND SWITCH.· 

.~r{· ··J
0

r~ . 
. ~,.,-,.. --C9MMUTATING 

• t: I CIRCUIT 

.. AC. . 1 . 

I 
I 

. : .. 
fp· 

.·.I 

. ·: 

; ' 

I 
·.! . :·. 

' i . 

I 
'.' 

'.! 

. i 
·' 

:f:· 

r . '·: .. 
t: 

. : : }· .: 

I C. . t figure 5-:18. TF System 1rcu1 
(\'ldh SC Coils) I . . 

I 
:/ ' 

:/ 
~-:!12 

. ,· j.: . ' 

~ i 
~ : .. ' . : ! .~ . . .· 

·; 
'· 

l 
J. 1 

j.' :: 

II'. :i .. :) I . 1 

. ~ .. 

_; ·; 'i 

. ~ ; 



GENERATOR 

PHASE 
CONTROLLED 

POWER 
SUPPLY 

3 PHASE 
60 HERTZ 
SUPPLY 

~J 

f~ECTIFIER 

VARIABLE 
FREQUENCY 
I NVERTEI~ 

COPPER 
---<::.< TF 

COIL SPARK 
GAP 

~-------~--------1--------------~ 

.Fi g~'re 5-19. TF System Circuit 
(Copper Coils) 



.. • r 

Since the TF coil for TNS-5 is a hybrid, the superconducting coil will have its 
current maintained between experiments. However, the current of the copper coil 
~ill be raised to the required value for each experiment and then dropped to zero; 
Since the copper and superconducting coils are magnetically coupled, ther~ will be 
an induced voltage in the superconducting coil. Therefore, the superconducting 
power supply must provide an equal and opposite voltage in order to maintain a 
cbnstant superconducting coil current. TNS-5 will require a system as shown in 
Figure 5-19 for its copper TF coil and a system per Figure 5-18 for its super­
conducting coil. 

5.6.3 THE ON POWER CO~VERSION SYSTEM 

Only copper OH coils were considered in the present trade study. Each of the 
four TNS options uses the same OH circuit configuration. ~owever, the ratings, 
such as voltage and current, of the circuit components vary with the requirements 
of the individual TNS options. 

An energy storage system is requireq to reduce the peak power drawn from the 

utility line. The OH energy storage device ~onsists of an arc generator connected 

to compler.1entary phase controlled SCR rectifiers. To achieve a minimum cost 

system no transfor~ers are used. The circuit is shown in Figure 5-20. Since 
the rectifiers are usually operated at a fixed frequency, the effect of the varying 

generator speed on the commutating resistance was considered~ ·The field excita:.. 
tion of the machine will not change significantly during the OH reversal. 
Therefore, the voltage and the frequency of the ac machines will .vary together. 
The generator will be brought ·up to speed by operating it as a motor. It will 
b~ driven by a variable frequency inverter operating off the output of a ~ecti­
fier fed from a 60 hertz supply. The same generator will supply pulse energy 
tb the EF system, through rectifier-transformers. 

Typical peloidal fiel,d coil system parameters associated with the OH system are 
given in column 4 of Table~ 5-9 through 5-12 for TMS-1 through TNS-5, 

respectively~ 
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TABLE 5-9 

POLOIDAL FIELD COIL SYSTEM PARAMETERS 

TNS-1 Copper COAST Edition 3, 8/5/77 a = 1.00 m No Marg Field at Cond = 10.39T 

R = 4.00 m 
0 

Bmax = 1 0. 39 T Bt ( 5. 78 T) +Margin ( -0.00 T) = 5. 78 T 

EF-I EF-D EF-0 OH 

MA-Turns at Initiation -l.lOOE-03 1.760E-04 -1. 520E-03 1. 567E+01 
MA-Turns at Begin of.Startup -1.991E-Ol 3.186E-02 -2.752E-Ol 4.784E+OO 
MA-Tur·ns at End of Startup -1.731E+OO 2.769E-01 -2.392E+OO -9.550E+OO 
MA-Turns During Steady State -1.833E+OO 2.933E-Ol -2.534E+OO -1.601E+Ol 

Volts/Turn at Initiation -2.270E_:i-02 -2.204E+02 -2.337E+02 -2.111E+02 
Volts/Turn at Begin of Startup -4.829E+Ol -4.200E+Ol -5.423E+Ol -4.328E+Ol 

<J1 
I Volts/Turn_ at End of Startup -5.887E-Ol 1.433E+Ol -1. 188E+Ol 3.516E+OO 

<J1 
0"1 Volts/Turn During Steady St. -4.453E+OO 5.578E+OO -l.056E+01 -2.158E+OO 

Maximum MA-Turns -1.833E+OO 2.933E-Ol -2.534E+OO -1.601E+Ol 
Maximum Volts/Turn -2.270E+02 -2.204E+02 -2.337E+02 -2.1.12E+02 
Max. Volt-Amp Capability 4.161E+02 -6.463E+Ol 5.922E+02 3.384E+03. 

.MJ Delivered by Flywheel 2.529E+02 4.973E+Ol 8.276E+02 7.662E+02 
Initial Stored Energy (MJ) 6.671E+Ol 
Self Induct .. (H(-6)) 4.990E+OO 9.119E+OO 1.274E+Ol 5.436E-Ol 

·Resistance (ohm(-6)) 2.318E+OO l. 971 E+Ol 4.089E+OO l. 227E-Ol 
Number of Turns (-) 49 8 68 118 

·" 
Coil-Pl Mutuals (-6) 2.918E+OO 2.793E+OO 6.832E+OO 5.746E-Ol 

1-D, D-0, 1-0 Mutuals (-6) 1. 742E+OO 2.723E+OO 1.893E+OO 

• 
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TABLE 5-10 

POLOIDAL FIELD COIL SYSTEM PARAMETERS 

TNS-3 S/C Nbli COAST Edition. 3, 8/5/77 a .. 1.20m No Marg Field at Cond a 9.87T 
R0 = 5.70 m Bmax = 9.87T Bt· (5.28T) +Margin (-.DOT) '" 5.2JT 

EF-I EF-0 EF-0 OH 
MA-Turns at Initiation -7.045E-04 1.127E-04 -9.738E-04 6.084E+OO 
MA-Turns at Begin of Startup -1.562E-01 2.500E-02 -2.·160E-01 1.484HOO 
MA-Turns at End of Startup. -1.597E+OO 2.555E-Ol -2.207E+OO ..,.4.329E+OO 

· MA-Turns During Steady State -1.691E+OO 2.705E-01 -2.337E+OO -6.273E+OO 

Volts/Turn at Initiation -3.296E+02 -3.252E+02 -3.330E+02 -3.218E+02 
Volts/Turn at Begin of Startup -6.155E+01 -5.499E+Ol -6.612E+Ol -5.930E+01 

0'1 Volts/Turn at End of Startup 2.000E+OO 2.21BE+Ol -8.575E+OO 6.940E+OO I 
0'1 
......... Volts/Turn During Steady State -7.184E+OO 8.524E+OO -1.401E+01 -2.430E+OO 

Maximum MA-Turns -1.691E+OO 2.705E-01 :..2.337E+OO -6.273E+OO 
Maximum Volts/Turn -3.296E+02 -3.252E+02 -3.331 E+02 -3.221E+02 
~lax. Volt-Amp Capability 5.573E+02 -8.797E+Ol 7.784E+02 2.020E+03 
MJ Delivered by Flywheel 3.706E+02 7.044Et.Ol 1.002E+03 3.607E+02 · 
Initial Stored Energy (MJ) 2.930E+01 
Self Induct. (H(-6)) 8.507E+OO 1.528E+Ol 1. 706E+Ol 1.583E+OO 
Resistance (ohm[-6)) 4.139E+OO 3. 220E+Ol 5.917E+OO 3.582E-01 
Number of Turns (-) 45 8 62 78 

Coil-Pl Mutuals (-6) 6.005E+OO 5.332E+OO 1.094E+Ol 1.611E+OO 

1-D, D-0, I-0 Mutuals (-6) 4.109E+OO 5.113E+OO 3.989E+OO 



TABLE 5-11 

POLOIDAL FIELD COIL SYSTEM PARAMETERS 

TNS-4 S/C Nb3Sn COAST Edftion 3·, 8/5/77 a= 1.20m No Marg Field at Cond a 10.95 T 

R0 " 5.00 m Bmax" 10.95T Bt (5.28T) +Margin (-.OOT) ., 5.28T . 

EF-1 EF-D EF-0 OH 

MA-Turns at Initiation -8.025E-04 1.284E-04 -1.109E-03 1.391£+01 
1-IA-Turns at Begin of Startup -1.780E:-01 2.848E-02 -2.460E-01 3.457£+00 
MA-Turns at End of Startup -1.819£+00 2.910E-01 -2.514£+00 -9.754E+OO 
MA-Turns During Steady.State -1.926£+00 3.082E-Ol -2.662E+OO -1.429£+01 

Volts/Turn at Initiation -2.894£+02 -2:840E+02 -2.941E+02 -2.759E+02 

(.]1 
Volts/Turn at Begin of Startup -6.218E+01 -5.474E+01 -6.824E+01 -5.774E+01 

I Volts/Turn at End of Startup 2.143E+OO 2.109E+01 -l.OOOE+Ol 6.858E+OO (.]1 

c::> Volts/Turn During Steady State -5.904E+OO 7.248E+OO -1.275E+01 -2.586E+OO 

Maximum MA-Turns -1.926E+OO 3.082E-01 -2.662E+OO -1.429E+01 
Maximum Volts/Tum -2.894E+02 -2.840E+02 -2.942E+02 -2.762E+02 
Max. Volt-Amp Capability 5.575E+02 -8. 753E+Ol 7.831E+02 3.948E+03 
MJ Delivered by flywheel 3.485E+02 6.834E+Ol 1.043E+03 8.720E+02 
Initial Stored Energy (MJ) 6.424£+01 
Self Induct. (H{-6)) 6.860E+OO '1.239E+Ol 1.548E+01 6.642E-01 
Resistance (ohm(-6) 2.969E+OO 2.412E+01 4.719E+OO 1. 684E-01 
Number of Turns·{-) 51 8 71 91 

Coil-Pl Mutuals (-6) 4.376E+OO 3.974E+OO 9.028E+OO 6.883E-Ol 

1-D, D-0, 1-0 Mutuals (-6) 2.767E+OO 3.864E+OO 2.865E+OO 



TABLE 5-12 

POLOIDAL FIELD COIL SYSTEM PARAMETERS 

TNS-5 Hybrid COAST Edition 3, 8/5)77 a a l.OOm No Marg at Cond .. 9. 70 T 
Ro = 4.50m 8max" 9.70T Bt (5.78T) +Margin (-.OOT) " 5.78T 

EF-1 EF-D EF=O OH 

MA-Turns at Initiation -9.776E-04 1.564E-04 -1.351E-03 3.932E+Ol 
MA-Turns at Begin of Startup -1.770E-01 2.832E-02 -2.446E-01 1.181 E+Ol 
MA-Turns at End of Startup -1.583E+OO 2.461E-01 -2.126E+OO -2.435E+Ol 
MA-Turns During Steady State' -1.629E+OO 2.607E-01 -2.252E+OO -4.030E+Ol 

(Jl Volts/Turn at Initiation -2.551E+02 -2.492E+02 -2.601E+02 -2.173E+02 
I Volts/Turn at Begin of Startup -4.806E+Ol -4.217E+Ol -5.269E+Ol -3.978E+Ol (.;, 

1.0 Volts/Turn at End of Startup -9.104E-01 1. 511 E+Ol . -1. 082E+Ol 3.332E+OO 
Volts/Turn During Steady State -5.374E+OO 6.495[+00 -1.147E+01 -1.542E+OO 

Maximum MA-Turns · -1.629E+OO 2.607E-01 -2.252E+OO -4.030E+Ol 
Maximum Volts/Tum -2.551E+02 -2.492E+02 -2.602E+0.2 -2.175E+02 
Max. Volt-Amp Capability. 4.157E+02 -6.498[+01 5.860E+02 8.764E+03 
MJ Delivered by Flywheel 2.698E+02 5 .144E+01 7.952E+02 1.366E+03 
lnitial. Stored Energy (MJ) 1.551E+02 
Self Induct. (H(-6)) 6.201E+OO 1.111 E+Ol 1. 388E+Ol 2.007E-01 
Resistance (ohm(-6)) 3.173E+OO 2. 570E+Ol 5.004E+OO 3.393E-02 
Number of Turns· (-) 43 8 60 115 

Co11-Pl Mutuals (-6) 3.990E+OO 3.680E+OO · 8.156E+OO 2.332E-01 

1-D, D-0, 1-0 Mutuals (-6) · 2.591E+OO 3.551E+OO 2.615E+OO 

R Volt, Seconds (1, SU, TOT) 2.456 3.757 9.511 



5.6.4 THE EF POWER CONVERSION SYSTEM 

The reasons for the separation of the EF coils into three independently 
driven systems arises frotn a requirement to achieve a hi9-h-B system. The 

. high-S approach selected for these TNS studies makes explicit use of the 

flux conserving properties of the fully developed plasma. To enhance and maxi­
mize this effect, the inner coil currents and the outer coil currents do not 

• • • • j • • 

individually track the plasma current during neutral beam heating. The sum of 
the two, plus thedivertor current, does track the. plasma~current. Individually, 
the outer current rises faste~ than the plasma current and the inner curre~t 
decreases during auxiliary heating. 

The EF-0 circuit and the EF-I circuit configurations are identical. The circuit 
configuration js shown in Figure 5-21. The energy storage element,, either capaci-

. tors or homopolar generators, is switched·into the circuit at the beginning of 
initiation. The three-phase controlled rectifier carries the coil current at all 
times and is conducting at its full rated voltage during initiation. ·The diode con­
ducts automatically when the energy storage element voltage drops below zero, or the 

coil current can be commutated into the diode at any time, by dumping the 
capacitor through the ignition switch. (The start-up switch was solid-state 
for most of the studies but. has been replac~d by ignitrons.) 

The EF-D circuit is different from the other EF circuits. Although the voltage 
.induced in the E:F.:.o circuit is the same as in the other EF circuits, the current 
. has the same polarity as the plasma current. In other words, the EF .. D coil 

regenerates power to the circ~it during start-up. The EF-D circuit is shown 
in Fi gur·e 5-22 ~ 

Typical poloidal. field coil system parameters associated with the EF-I, EF-D 
and EF-0 circuits are given in the first three columns of Tables 5-9 through 
5;...12 for TilS-1. through H!S-5, respectively. 

5. 7 HEAT TRANSPORT SYSTH1S 

The heat transport systems of TNS consist of two major system~: 1) water­
cooling for the vacuum vessel, shielding, copper coils, neutral beam lines, 
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. and power conversion equipMent plus other minor requirements such as-facility venti­
lati.on systems, etc., and 2) cryogen (LHe and LN2) cooling of superconductors, 
dewars and cryopanels. The cooling water systems employ buffered heat transfer 
loops by means of intermediate heat exchangers. The cryogen systems employ 
cryogenic refrigerators to maintain required coolant temperatures. The final 
heat dissipation is by means of a common water cooling tower. The design fea-
tures of the various cooling loops are shown in Figure 5-23. The individual 
systems are briefly discussed below. 

5. 7.1 VACUUn VESSEL COOLING SYSTE[·1 COnFIGURATION 

The heat loads on the vacuum vessel are from surface heat flux from the plasma 
and the neutron and gamma heating in the material. The total equivalent surface 
heat flux on the first wall is estimated to be 85 W/cm2 without divertor and 

28 W/cm2 with a divertor. The vessel is cooled by low temperature, low pressure 
wat~r in channels arranged along the poloidal direction. A description of the 
vessel and its c~oling arrangement is given in Section 5.1. The design features 
of the heat transport system for the vessel cooling is shown on the top of Figure 
5-23. Note that a closed intermediate•cooling loop is interposed between the 
primary coolant and the plant circulatinq water for radioloqical safety. 

Thermal buffering is accomplished in this intermediate loop by actiVe 
control of water flow to the primary and circulating water heat exchanger (IHXl 
and IHX2). A design coolant temperature rise of 30 K is assumed in the heat ex­
changers. Due to the pulsing nature of heat load in the primary loop, the vessel 
inlet temperature is maintained constant at 345 K. The maximum vessel outlet 
temperature is 375 K. Coolant pressure at the vessel discharge is maintained at 
approximately 3 Pa by a blanket of hydrogen gas in a water column control tank. 
The flow of cold water from the elevated water tank to IHXl is regulated to main­
tain a constant primary loop temperature at the vessel inlet. The intermediate 
loop flow will discharge from IHXl at a nominally constant temperature and is 
collected in a ground level water tank. In turn, the water is pumped at a con­
stant rate from the ground level tank, through IHX2, to recharge the elevated 
water tank. Hence, constant coolant inlet temperature is provided for the vacuum 
vessel, while a constant heat load is imposed on the plant cooling tower. The 

I 
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coolant temperature rise in the buffer loop is assumed to be the same as in the 
primary loop. The initial temperature difference in the primary/buffer heat ex­
changer will be equal to twice the primary loop temperature rise (2 x 6T = 60 K). 
The temperature rise of the water tower side of IHX2 is assumed to be 10 K. The 
initial temperature difference in IHX2 is thus 6T + 10 K = 40 K. 

Based on the heat transport system described above, the total required water flow 
rate in the primary loop is 8630 kg/s without divertor and 5920 kg/s with diver­
tor, transporting a heat load of 971 MW and 756 MW, respectively. The capacity 
of the elevated tank will be set at twice the amount required to handle the normal 
energy per pulse, while the ground level tank capacity is set at 4 times the re­
quired value to allow draining of the entire buffer loop coolant volume to this 
tank. 

A standard design of 2800 m2 tube surface area for IHXl was chosen. This allows 
variation of aT and number of parallel heat exchang~rs for the cooling require­
ments of various TNS components. This not only standardizes the loops design, 
but also facilitates the costing of the equipment. 

The primary loop piping is assumed to be commercial grade 316 SS, schedule 40 
pipes sized with a water velocity of 5 m/s. On the secondary side of IHXl, 
schedule 40 carbon steel pipe sized also for 5 m/s water velocity is assumed. 
Eight full flow stainless steel butterfly valves are allocated for each primary 
coolant loop for various control functions. One pump/motor combination serves 
each primary loop with an assumed pumping heat of 500 kPa. A single hydrogen 
pressurizer is allocated to the entire primary loop system with an initial 
pressure rating of 1 MPa. Sidestream coolant filters and mixed bed demineralizers 
are provided. 

The components on the cooling tower side of the buffer loop are sized on the 
basis of mean thermal power with 50% margin for non-steady operation. A single 
buffer/circulating water heat exchanger (iHX2) serves the entire vacuum vessel 
primary loops. Carbon steel pipes of schedule 40 sized with a water velocity of 

5 m/s are used in the loop. Six valves are allocated for flow control 
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functions on the buffer side of IHX2 and two valves ate allocated on the cooling 
tower side. One pump-motor combination is used to pump buffer water from the 
ground level tank through IHX2 and up to the elevated tank. A total head of 
850 kPa is assumed for this pump. 

This gives a brief description of the cooling system for the vacuum vessel. It 
can be considered as a basic loop design. This arrangement has been empJoyed 
as a basis for the cooling system for the other heat sensitive components of 
TNS with modifications to meet the different requirements of a particular 
component. 

5.7.2 SHIELD COOLING SYSTEM CONFIGURATION 

The character of heat input to the nuclear shield is similar to that of the 
vacuum vessel, but the total heat load will be about twice as great. It is 
judged reasonable, therefore, to assume that the shield cooling system must be 
e~uivalent to two'vacuum vessel cooling systems, resulting in basic components 
of equivalent size. This was assumed the case in the present trade studies. 
The shield coolant is borated water, but this is assumed to have negligible 
impact on cost. 

5.7 .3 COPPER COIL COOLING SYSTEM CONFIGURATIONS 

The copper coil cooling systems differ from the vacuum vessel system in thermal 
response characteristics, reduced concern for coolant radioactivity level and 
a requirement for lower coolant 1nlet temperature. For these reasons~ a slightly 
different configuration was considered. In this modified system, the buffer loop 
heat exchanger (IHX2) is ~liminated and th~ p~imary·loop is divided into several 
loops. One serves the TF coils (TNS-1 and TNS-5), the others separately serve 
the EF coils, OH coils, neutral beam ion so~rce, magnet system and the electrical 
power conversion systems. A common buffer ·system consisting of e·l eva ted and 
ground level water tanks (similar to that in the vacuum vessel syste~), serves all 
the primary loop heat exchangers (IHX). 

The coolant temperature rise in the copper coils during a pulse varies considerably 
depending on the I2R loss in each of .the coil systems. The cooling channel inlet 
temperature of the coils is maintained at a constant temperature of 40K. The 
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circulating water is stored in the elevated buffer tank at 305°K and will ex­
perience a maximum of l0°K rise through the intermediate heat exchanger (ISX). 

The loop arrangement is shown in the middle section of Figure 5-23. The coolant 
temperature rise in the T~, OH and EF coils was estimated from a simplified 
analysis model based on adiabatic heating, considering a current density of 

2 1500 A/em . The temperature increases are 69, 37 and 27°K, respectively, for 
the TF, OH and EF coils. The maximum temperature rise for the electrical power 
conversion equipment, the neutral beam ion sources and magnet systems was as- ~ 

sumed to be 30°K. 

5.7.4 NEUTRAL BEAM ION COLLECTORS AND CALORIMETER 
COOLING SYSTEM CONFIGURATION 

The heat loads on the ion collectors and calorimeters for TNS will be of the 
order of several kW/cm2, much higher than that on the vacuum vessel, even 
though the pulse time is only about 6 seconds. A deionized water system 
pressurized to several MPa will be required. A buffered heat transport loop 
similar to that of the vacuum vessel, but with a high pressure primary loop, 
is employed. The primary loop water temperature should be maintained no 
higher than 308 Kat the cooling channel inlet. 

5. 7. 5 SUPERCONDUCTHIG COIL COOLitlG SYSTE:·! CDr'IFIGUR/\TIOtJ 

Supercritical helium at 4 K (for TNS-3) and 5 K (for TNS-4) is required to 
cool the superconductors, the coil bobbins and various vacuum cryopanels. A 
common refrigeration plant is used to cool the various isolated primary loops 
for· each component. A schematic for the TNS-3 helium refrigeration system is 
shown in Figure 5-23. The advantages of this system are: 1) individual cool­
ant systems are isolated, providing great flexibility in choosing coolant flow 
rates for each loop, 2) combination of several pulsed heat loads will result 
in some leveling of refrigeration load. The main disadvantage is that the pump 
work added at low temperature will require more total power than use of a room 
temperature compressor. Cryogenic refrigeration equipment of the size required 
by TNS applications are still at the developmental stage, especially th~ re-. 
quired circulating pumps. This heat transport system would require detailed 
trade studies in cooperation with cryogenic equipment manufacturers. 

' 
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The helium flow rate fo~ TNS-3 (NbTi) 
that for TNS-4 (Nb3Sn) about 4 kg/s. 
coolant flow rate was estimated to be 

was calculated to be about 25 kg/s and 
For structural bobbin cooling, the 
~bo~t 3 kg/s if the cooling channels 

are arranged in a circumferential direction. The flow rate would be considera­
bly higher if the channels were oriented in a radial direction. 

5. 7. 6 LIQUID iHTROGCJ REFRIGERATICPI SYSTErl 
... 

Liquid nitrogen is used to cool the TF coil dewars and the other thermal shields. 
The schematic of the refrigeration system is shown in the bottom of Figure 5~23 

The LN 2 flow rate required for the dewars of a 20 TF coil configuration wa~ esti­
mated to be about 2 kg/s. The coolant flow requirement for the thermal shields 
depends on the detailed design of the various cryopanels and were not developed 
as part of the current study. 

5. 7. 7 EXPERif.JEi!TAL ,'-\RU\ VEf'.JTI LATIOI! SYSTE~1 

The-major heat load of this system is for supply of dehumidified air at 293 K 
and 40% relative humidity to the reactor cell and the service system containment 
areci (basement) on a once-through basis during non~operational periods and on a 
st~ictly recirculating basis during operat~9nal and abnormal periods with two 
ch~thges of air per hour. A schematic of th_e system is shown in Figure 5-23.: 
The C.irculating wat~r side of the air treatment and conditioning system is con­
nected to the plant water cooling tower. The heat load is estimated to be. 
between 7 ahd 10 MW f6r ea~h of the four TNS options. 

5.8 TRITIU~ SYSTEMS 

The: initial and principal objectives in evolving a configuration for the fuel 
handling complex ~as to provide a cost model for this system, in a general way 

: : 

accounting for variations in plasma and machine sizes as dictated by the four 
candidate TF coil design concepts b~ing co~~idered. Fig~re5-24 shows the. 
makeup of the fuel handling subsystems and the lilanner in which they inter­
face with the reactor. 

• 
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5. 8. 1 SYSTH1 FUNCTIONAL REQUI REr:lEf.ITS 

The functions of the TNS fuel handling complex include the following: 1) storage 
and delivery of the deuterium and tritium fuels to the device; 2) processing of 
the spent plasma from the vacuum and/or divertor systems to recover and recycle 
the residual fuel materials a~d di~pose of the impurities; 3) isotopic enrich­
ment required for proper adjustment of fuel mfx and for eli~inating helium 
generated and hydrogen produced from fusion and metal outgassing; 4) holding 
the escape of tritium into.the facility and into the environment to .acc.eptably 
low levels; 5) tritium trapping to ensure containment integrity in the event 
of emergencies such as power or cryogenic system failures or loss of vacuum; 
6) detritiating of the reactor interior surfaces prior to opening the device 
for maintenance operations and the reactor cell atmosphere and walls in the 
event of substantial tritium releases to the cell atmosphere; and, 7) providing 
flow path and equipment redundancies in amounts adequate to insure facility 
operational continuity in the event of process equipment malfunctions. 

Fuel handling capabilities potentially required in eventual fusion power reactors 
but not provided by the provisional TNS system include: 1) breeding of suffi­
cient tritium to replace that destroyed by fusion and radioactive decay, fuel 
processing losses and depl~tions via transport into the plant metals; 2) recon- ~ 

st.ruction and recycle of tritium that has .been converted to tritiated water; 
and 3) re~oval and recycle of tritiu~ diffused into equipment coolants 
and power cycle energy transport media. 

5. 8. 2 OPER/\TIO~IS t.~QDE 

As presently envisaged, the fuel reprocessing portion of the tritium system will. 
operate on a batch basis rather than continuously. This option was chosen be­
cause the expected TNS operation with ignited plasmas will be limited to the 
equivalent of 1000 full power reference D-T pulses per year, or an average of 
about 100 such full power pulses per month. The amount of fuel associated with. 

this operating schedule is relatively small, and continuous operation of 
t~e reprocessing facilities was not deemed justifiable. Accordingly, the 
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current concept involves accumulation of spent plasma followed by rapid batch­
wise campaigning through the reprocessing cycle, perhaps about twice a month, 
treating spent materials from appro~imately 50 full power D-T pulse produced 
per campaign. During the accumulation period and during inactive periods of 
TNS operations, the cryogenic distillation columns, however, could be running 
under total reflux conditions in order to avoid the complications associated 

with start-up of multi-component cryogenic rectifiers. Typically, a spent 
plasma· recovery campaign could be completed within one operating day. This 
degree of batch operation is not greatly different from that expected for 
eventual fusion power reactor fuel processing systems. Regeneration of cryo­
pumps is by nature a batch ope.ration, and it is anticipated that batch 
purification processes will be used even with large systems. The principal 
differences between the TNS fuel recycle system and that expected in eventual 
power reactors are in the duty cycle and in the coupling (through surge 
systems) primarily of batch purification systems with continuous isotope 
separation and feed systems. 

5.8.3 GENERAL CAPABILITIES 

General capabilities provided in the fuel handling system preconceptual design 
are listed below: 

FUEL INJECTION 

1. Streams of D-T, H, D, and Tare available as separate 
additions for vacuum vessel gas prefill for both non­
tritium experiments and tests involving tritium. 

2. Pellets of solidified D-T, T, and D may be used for 
refueling during reactor operation. 

3. D will be supplied to the high energy neutral beams, up 
to 150 MW and 250 keV. 
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SEPARATIOI~ OF HYDROGE:J ISIJTOPES FRQr1 H1PUIUTIES 

1. Depleted uranium hot and cold traps will remove most 
chemical impurities, including helium. 

2. Particulate filters will be located downstream from 
urani urn beds. 

3. Zirconium-aluminum alloy getters will be used for small 
storage and surge systems. 

. , . 
4. Helium will be evacuated from uranium getter beds before 

regeneration, or prior to withdrawing tritium from storage­
generator units. 

5. Cryogenic trapping will provide additional purification of 
streams entering the distillation system. 

6. Palladium-silver alloy diffusers will be used to remove 
hel1um from new tritium shipments or any fuel which has 
been on gas storage for extended periods; 

SEPARATION OF HYDROGEN ISOTOPES 

. ,· 

1. Cryogenic distillation will produce D-T, H, D, and T product· 
and waste streams. 

STORAGE OF TRITIU~·1 

1. Bulk inventory storage will be fn solid form as WT2.8, 
utilizing depleted uranium. 

2. Temporary holdup of larger quantities of H-D-T mixtures will 
be on uranium beds. 

3. Iri-process storage of refueling.streams of D~ T, and D-T 
will be as liquids (assuming pel~et feed)~ 

4. Temporary holdup of small ·high-purity streams will use 
zirconfum-~lloy getters. 

5. Emergency storage of cryodi.st_illation column inventory will 
be on uranium beds. 
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STORAGE OF DEUTERIUr1 AfiD OTHER NON-TRITIUr,1 GASES 

1. Bulk inventory storage will be as presurized gases or on 

uranium beds. 

2 .. Temporary or emergency storage of slightly tritiated D will ·be. 

on uranium.beds. 

DETRITlATION OF ATf'10SPHERES NlD GASEOUS VENT STREM-1S 

1. Gaseous vent streams will be treated by catalytic thermal 
cracking of any tritiated hydrocarbons, oxidation on sus­
pended precious metal catalysts, and adsorption on 
regenerable (and in some instances non-regenerable) 
desiccants. 

2. Treatment of helium atmospheres of secondary containment 
systems and process piping jackets will include catalytic 
oxidation and desiccation for removal 'of hydrogen isotopes 
and cleanup of the helium streams. 

3. The reactor cell atmosphere detritiation system uses cata­
lytic oxidation and desiccation, with operation intended 
only for emergency situations. 

4. Readying of the reactor vessel for opening for maintenance 
includes detritiation of gas from discharge cleaning by 
catalytic oxidation and desiccation. 

DETRITIATION OF CONTAMINATED LIQUID STREAMS 

1. Although several efforts are underway in the United States 
. and Europe ·far eliminating tritium from water waste streams, 

no suitable economic technology currently exists for detri­
tiation of streams such as the vacuum vessel and shield 
aqueous coolants; so as an alternative, lagoon storage_ is 
provided for long-term holdup . 

5-73 



• ·t,: ,. 
·,;. 

''•j 
. ! 
l. , r: 

i! 

~:.8.4 SYSTE~1 CONFIGURATION GROUNDRULES 

The essential features of the ground rules for the tritium systems are suinmarized 
below: 

. TRITIUM SJANDBY STOR~GE AND INVENTORY 
j ~ • 

.. l 1. Stored as s6lidified tritide on depleted uranium chips in 
three separate compartmented isolated generator storage 

··.~ 

units. 

· 2. Storage-generator design is b~sed on UT2_8 with total 
storage capability of the uranium equivalent to 360 full power 
D-T pulses augmented by a 30% excess capacity. Also assume; 
bulk density of 2 g/cm3; internal volume of interior body ten 
times that of the loosely packed uranium chips; interior body 
cylindrical configuration with a 2:1 height to diameter ~atio.) 

3 ... On-site standby tritium inventory, not including in-process 
an.d held-up ·material~ is equivalent to a normal two months' 
.~upply, a.ugmehted by a 30%contingency, amounting to 260 
full power total 42 second plasma duration full power refer­
enc·e D-T. pulses. 

····~. SPENT PLASr·1A._"rRAPPH~G '/\~lD PROCESSiiJG 

.. . .f. Primci'r.Y trapping by the vacuum system is by a compound cryo­

"~· ~·· . . 
.... :. ' ~· 

:. 
'' : ·. 
i: 
' . . . 
'··. 

\; 
··: .. 

. '± ... :. 

pump using a 4.2 K'chevron to pump D, T, and Hand a 4.2 K 
molecular.sieve panel to pump helium; the pump will immobilize 
and store all of the spent plasma components . 

. 2. ·The quantity of material that leaves the system and enters 
the vacuum system duri.ng the plasma active pulse period 
(33 s duration) is negligible. 

3. Hydrogen entry into the plasma is based on an outgassing 
rate of~l0- 10 torr-liters/s cm2, and the effective surface 

. ar~a is estimated to be ten times that of the computed ~mooth 

.• intern~l .are~ of An ~~sumed ell.i.pti.c~lly ·sha.peq toroid~l vacuum 
1 ' '· • . 

vessel . 
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4. Tritium processing losses (excluding radioactive decay) during. 
recovery-recycle operations amount to 0.15% of the initial 
tritium content of the spent plasma products in the accumu­
lated batch. 

5. Processing-purification is accomplished, by combinations of 
hot trap gettering, mechanical filtration, cold trap getter­
ing, cryogenic trapping, cryogenic distillation, catalytic 
cracking-oxidation, adsorption-desiccation, and selective 
permeation-diffusion. 

6. The cryogenic distillation complex has capability to produce 
adequately pure product streams of D-T, o2, HD and T2; addi­
tionally, this complex will accept a side stream from the 
contami.nated deuterium collected on the cryoadsorbent panels 
of the neutral beam vacuum system for tritium removal. In 

principle, a pure tritium stream will not be needed if 
pellets can be made from D-T mixtures. 

7. Normal operation on the upstream side of the palladium­
silver alloy ·diffuser is not to exceed 650 K and 1.5 MPa 
("' 230 psi a). 

8. The maximum pressure to be encountered in in-process gas 
'holdup storage tanks is 0.4 MPa ("' 60 psi a). 

TRITIU~l CDrlTAim.1ENT MlD CLEANUP 

1. Each of the three tritium storage-generator units is provided 
with its own dedicated heaters, coolers, controllers, inert 
gas blanketing, vault, arid emergency protection system. 

< 2. Pumps for tritium processing operations in general shall 
not have rotating mechanical seals; if this criterion cannot 
be met, complete containment of the pump in a separate sealed 
enclosure will be required. 
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3. All tritium processing equipment is to be doubly enclosed 
and the volumes enclosed by these jackets are to be con­
tinuously flushed by,a circulating inert buffer-gas which is 
processed (by a cleanup system) to maintain a low cover-gas 
tritium level. 

4. Tritium cleanup systems are to be provided for the off-gas 
holding tanks, vacuum vessel, reactor cell and the inert 
buffer gas of the secondary containment.s; ... sizirig of these 
are to be based on cleanup periods of 120 hr following a 
major release into the reactor cell and 48 hr for the r~actor 
vessel prior to reactor shut down and conduct of maintenance. 

5. Ample storage capacity is provided for separate temporary 
holdup of all of the closed-circuit vacuum vessel and shield 

, •.. system aqueous coolants so these materials can be contained 
when the system must be drain~d for equipment maintenance. 

. : 

· · 6·. Additional storage capacity is provided (tanks and lagoon) 
for long term holdup of tritiumcontaminated primary aqueous 
coolants and buffer wate·r cool'ants•-.of the heat dissipation 
system in the event that the l~tter become tritium contaminated . 

5. 8. 5 5PEC IAL REDUriDArJCY ArW SAFETY FEATURES 

The need for speci a 1 redundancy and safety -f~atures has been cited. In some 
instances the sizes and costs of hardware items are partially. determ1ned by the 

. . . . 

amount· of· safety. and redundancy features incorporated. · The nature of the more 
important redundancy systems included in the current facility design concept 
are outlihed in the follo~ing .tabulation: 

.. , :·. 

1. Redundancy is provid~d for gas holdup tanks, in-process 
transfer lines, isolation/control valves, surge tanks, trans­
fer pumps for matters of safety and operational continuity; 
additionally, to provide for 6perational continuity-flexibility. 
duplicate equipment is provided for such crucial items as fuel 
pellet injectors, cryogenic distillation columns and diffusers . 
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The redundancies for the valves, lines, and pumps also allow 

means for alternate routing of materials .. 

Thick wall double jacketing is specified for the three tritium 
generator-storage units, with 2.5 em cylinder walls and 4.0 em· 
heads, and 3.0 em annular clearance between the interior and 

outer bodies. 

3. Tritium generator-storage units are housed in sealed, inerted 
steel lined (2.0 em thick lining) concrete (30 em thick walls) 
separate cubicles. The cubicle configuration and particulars 
are: rectangular shape; 1.0 m clearance on all sides between 

outer body of generator-storage unit and cubicle wall; provided 
with inerted atmosphere (helium or argon), rapid cooling-quench 
system, tritium cleanup system with 0.06 m3/min flow capability. 

4. The tritium generator-storage units are supplied with particu­
late filters to prevent uranium fines carry-over, and diffusers 
to assist removal of radioactive decay generated He-3 after any. 
long term storage. Evacuation of uranium beds before regenera­
tion will usually provide adequate helium removal. 

5. Timing of regeneration of the cryoadsorption panels of the 
vacuum will limit the maximum hydrogen isotope partial pressure 
in the associated volumes under full regenerating conditions 
to less than ~ 10 torr. This pressure is only approximately 1/4 
the lower combustibility limit for hydrogen and thus provides a 
300% safety factor in the event of air inleakage into the vacuum 
equipment. .. 

6. Housing of all gaseous prefill equipment in an inerted glove 
box. 

7. Support systems required for tritium containment (such as clean­
up systems, uninterruptible electfic~l PO\'If:!r., cryo.geriic equ.ipiT)en'f) 
will be adequately protected against hazardous conditions, includ­
ing fire, earthquake, tornado, and missiles . 

5-77 



~· 

I' 
i ~ 

8. ·.An array of uranium traps and zirconium-aluminum getters are 
included, with capability to tr:ap the entire contents of the 
cryoads6rption panels and cryogenic distillation system in 
the event of auxiliary equipment or complete electrical power 
failure. 

.5·~8.6 PROCESS THROUGHPUT CONSIDERATIONS 

The' follo~tng TNS plant performance was selected. :to p.rovide a· basis for sizing 
·the fuel P.rocessing equipment and scoping throughput rates: 

. : ~, 

'I 

·.·.· 

F1ow ti~e through diffusers for D-T prefill gas, s 

Regeneration time for vacuum system cryoadsorptiori 
panels,. hr 

Regeneration time for Zr-Al getter cartridges, hr. 

·Duration of cryo.genic distillation separation 
campaign, hr 

:Fill and adjustment time for gas measuring volumes, s 

Reversible regeneration capacity of a Zr-Al getter 
(SAES c~500) cartridge, torr-liter~ 
. . .·· 

D-T. pellet injection duration for complete 
refueling~ s 

Number of Zr-Al getter cartridges per canister 

5. 8. 7 TRITIUP·1 SYSTE~1 PARM1ET~RS FOP. THE FOUR REFERENCE OPTIONS 

15 

1 

1 

1 

8 

2500 

20 

6 

T~e trade studies have led to the tentative selection of the previously described 
'r~ference point system designs for the four TNS options. Table 5-13 summarizes 

: ;. 

tbe more~ relevant f~~l parameters associated With these designs. As shown in the 
:I . . 

table, TNS-1 which involves the sm~llest plasma volume also makes the smallest 
demand on the tritium systems. 
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TABLE 5-13 

COMPARISON OF PRINCIPAL FUEL PARAMElERS FOR THE FOUR REFERENCE TNS OPTIONS 

TF Coil Conductor 
Plasma Minor Radius, m 
Plasma Major Radius, m 
Plasma Elongation 
Plasma Volume, m3 
Torus lnte.rnal Smooth Surface, m2 

'0n-s ite Standby T Inventory, MCi 
!Peak On-site T Inventory, MCi 
Monthly Required T Replenishment, kCi 
~ Charge in T Generator-Storage Units, kg 
T Generator Internal Volume, cm3 
T Gaseous Prefill, Ci/Pulse 
; Pellet Refueling, Ci/Pulse 
Fusion Fraction 
Reprocessing Quanti.ty, gatm/campa ign 
Composition of Material Reproce·ssed, a/o* 

H 

D 

T 

He-4 

He-3 

*Treated on a smeared basis. 

TNS-1 

Cu 
1.0 
4.0 

"1.6 

126 
247 
0.62 
1.36 
52.9 
3.28 
5470 
1517 
869 
0.20 
7.9 

4.81 
41.8 
41.8 
10.1 
1. 31 

TNS-3 

NbTi 
1.2 
5.7 
1.6 
259 
411 
1.03 
1.85 
74.9 
5.44 
9070 
2594 
1361 
o·.l7 

13.3 

4.7 
42.8 
42.7 
8.62 
1.05 

TNS-4 

Nb 3Sn 
1.2 
5.0 
1.6 
228 
361 
0.90 
1. 70 
66.1 
4. 77 

7950 
2275 
"1194 
0.17 
11.7 

4.7 
42.7 
42.7 

I' 8.62 

1 .1 0 

TNS-5 

Cu/NbTi 
1.0 
4.5 
1.6 
142 
278 
0.700 
1.45 
59.1 
3.69 
6150 
1706 
977 

0.19 
8. 9 . 

4.8 
41.9 
41.8 
10.1 
1.24 
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5.9 PLASMA HEATING - NEUTRAL BEAM SYSTEM 

The neutral beam (NB).system for heating the plasma to ignitionconditions is 
b~sed on heutralized beams generated from 150~keV D+ atomic ioh~. The system 

•of neutral beam arms for a given TNS option and size necessary to heat that plasma 
t9 the ~equired temperature cdnsists of a number of standard.arms composed of 
3 positiv~-ion ~ources which have a nominal current rating of 100 A each. Taking 
ri~utralization efficiencies and beam transmission efficiencies into account, 
each arm can provide 10.4 MW of 150-keV neutral particfef (0°) to the plasma. 
The selection of 150-keV neutrals for all TNS options and sizes is assumed to 
apply based on the injection of neutrals during a programmed start-up scenario in 

I • • • • • • • • 

w~fch the plasma density is brought up to the full density required for ignition 
during the injectio~ period (see Section 5.2.2). Such a start-up al1ows the 
neutral beams to penetrate to the plasma center at the beginning of the injection 

, p~riod and takes into account the alpha-particle heating of the plasma center 
dyri~g the. fi~al period 6f NB injection: The injection period is approximately 
. ' 

~: secohds and all NB arms inject beams at the plasma horizontal mid-plane. at 
an angle of ~ 16° (where 0° injection is ~long a radius vector) in,order to 
avoid the ripple trapping of the injected particles in the toroidal magnetk field. 
The inj~ction geometry is shown in Figure 5-25~ 

The key features of the standard TrJS neutral beam arm is sho~tm in Table 5..:.14.- ·· 
The following is a list of the main NB arm components as well as the more 
important design parameters: 

• S6urce/Accelerators - There are three 100-A sources per arm . 
Each source is assumed to be an ORNL-type source which has been 
scaled up from that for TFTR application (56 A, 120 keV, 20~c~ 
diameter emitting area in a circular geometry) to 100-A, 150-keV, 
and 26-crn diameter circular emitting area. The NB pulse time 
is 6 s and the overall dimensions of each source are 1-m diameter x 
1.5~m high. The fraction of the molecular component from each 
source is ~0.1 of the total sourc~ current, and a 02 gas throughput 
of ~21 torr liter per second is required to operate each source 
(assumihg a 501gas efficiency). An isolation valve is provided 
for each sou-rc·e~ 

. : .. \ 
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TABLE 5-14 

FEATURES OF STANDARD TNS NEUTRAL BEAM ARM 

INJECTION ENERGY 150 keV 
NB PULSE LENGTH 
CHARGE STATE OF SOURCE IONS 
FRACTION OF SOURCE CURRENT DUE TO D+ IONS 
INJECTION ANGLE AT MIDPLANE[] 
CURRENT PER SOURCE 
SOURCES PER NB ARM 
NB POWER TO PLASMA PER NB ARM (150 keV) 
TRANSMISSION COEFFICIENT THROUGH ARM 
NEUTRALIZATION EFFICIENCY* 
SOURCE GAS EFFICIENCY 
CLEAR OPENING OF NB DUCT 
TOTAL ACCEL POWER PER NB ARM 
TOTAL ELECTRICAL POWER PER NB ARM 
GAS THROUGHPUT PER ARM 
HV PUMPING SPEED PER ARM ~ 
OVERALL LENGTH OF NB ARM 
OVERALL CROSS-SECTIONAL DIMENSIONS 

0 HORIZmJTAL I~~JECTION 

* 90% OF ASYMPTOTIC VALUE 
~ BASED ON 50 M2 OF CRYOPANEL 
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6 s 
+1 
0.9 
~ 16° 
100 A 
3 

10.4 MW 
0.87 
29% 
50% 
0.44 m x 1. 20 m 
45 MW 
rv 55 MW 
rv 53 torr 1 s-1 

rv 5 X 1 06 1 S-
1 

7.5 m 
3.3 m x 5.0 m 
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• Neutralizer Assembly- Each neutralizer duct is a 2-m long x 
0.36-m. I.D. copper duct which is water-cooled and provided with 
a ferro-magnetic shield outer tube. The assembly of three-ducts 
provides the capability to operate the neutralizers either in 
the coupled-mode (normal) or the decoupled-mode (source condition­
ing). A separate D2 gas feed is provided to allow the gas pressure 
in the duct to be controlled. 

• Ion Deflection - Electrons are removed from the unneutralized portion 
of the beam leaving the neutralizer duct by means of a mirror coil 
and the beam 11 blows up 11 due to the repulsion of the ions in the beam. 
To assure space charge blow~up of the beam, a system of high poten­
tial electrodes, similar to a design developed at Lawrence Livermore 
Laboratory for a direct conversion system is employed to maintain 
the beam channel free of electrons. The space charge blow-up con­
cept has not been fully developed for TNS application. If a conven­
tional system employing a bending magnet were used to remove the 
charged portion of the beam, there would not be a significant 
difference in the cost. 

• Ion Collector_- In addition to the ion deflec_~or electrode s.vstem, 
an 1nternal wall or bulkhead will also act a~_a particle col)ecto~. 
This wall has apertures to allow the neutral beam to pass through 
while the charged portion of the beam will spread out due to the 
defocusing of the beam as it passes through the electrodes. The 
ion collector consists of a water-cooled, tub-shaped structure 
fabricated of copper plates and supported in a frame of stainless 
steel structural components. 

1 · Vacuum Pumping System - The rna in vacuum pumps consist of 50 m2 of 
crysorption ·panels and have a total pumping speed of "'5 x ·1o6 1 s-1 
.The gas load during pulsing is estimated at "'100 torr 1 s~l takinq 
into account desorption caused by the beams impacting the surfaces 
of the electrodes, particle collectors, etc., and gas loads from the 
sources and neutralizer ducts. The operating pressures are cal­
culated to be "'2.6 x lo-5 torr in the source-neutralizer region and 
"'1.8 x 10-6 torr in the calorimeter region. The gas pressure x 
distance product between the neutralizer and plasma is sufficiently 
low such that the losses due to reionization of the neutral beam 
is "'1%. The pumping panels will be required to be regenerated 
every 1000 pulses (approximately) to limit the hydrogen content 
held-up in the panels to a safe level with respect to an explosive 
situation. 

The sizing model used in COAST for the neutral beams is based on the establish­
ment of the neutral beam power requirements which in turn will establish the 
number of injector arms ("'10 MW per arm). The NB power must exceed the power 
loss of the plasma in order to raise the temperature of the plasma to that 

• requirt:>rl fnr ignition. If it is assumed that durinq the NB heating phase that 
~.. . . 

.5-83 



}' 

empirical scalingholds, it can be easily shown that the NB power is given by 

~NBc£ TiR
0

, where Ti is the ignition temperature and R
0 

is the plasma major 
;~adius. Frain detailed calculations, it has been established that 50 MW of 

1~0 keV 06 are required for R = 5 m and T. = 13 keV. The 50 MW of power . . . 0 1 . 

would thus require 5 neutral beam arms. From the above relation, the power 

r'equirements f·ar each TNS option and size are calculated in COAST. 

: ~ 

. ~; . 
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5.10 TORUS VACUUM PUMPING SYSTEM (TVPS) 

The reference design for the TVPS consists of a number of high vacuum pumping 
modules each utilizing 2m2 of cryosorption panels of mo.lecular sieve material 
maintained at 4K. The number of such modules required on a given device is a 
function of the vacuum vessel wall area as discussed later in this section. 

Each module is located in the reactor cell basement approximately 7m from the 
I 

toroidal vacuum vessel. With the pumps located in the basement, sufficient· 
radiation shielding is provided so that nuclear heating of cryopanels is avoided. 
The pumps communicate with the main vessel via a 0.61-m.diameter duct in which 
is located a large (0.61-m diameter) all-metal gate-valve. Taking the various 
conductances and specific pumping speeds (105 1. s-l per m2 of panel for H2) into 
account, the effective pumping speed per pumping unit is 104 1/s (H2). For a 
specific design (used as a point reference in. arriving at the main features of 
the TVPS), it was determined that 10 units were required to maintain an operat-

~ ing pressure of ~1 x 10 torr between plasma pulses in a toroidal vessel with 
370 m2 of smooth surface area. This pressure is based on the outgassing of 
hydrogen from the stainless steel vessel walls, as well as the various parts 
and appendages associated with essential beam ducts and plasma diagnostics . 
. For the ~400m3 vessel (R ~ 5 m, ax b = 1.45 ~ x 2.2 m) used in this point 
design, the characteristic pump-out time is 4 s. 

The backing system (also located in the basement) is composed of a 30 1 s-l 
mechanical pump as well as a central Zr/Al getter pump station for use in cryo­
panel regeneration. The total quantity of gas which can be held up in a pump 
before a regeneration is required is ~105 torr liter per unit. A schematic of 
the reference TVPS is shown in Figure 5-26. 

The basic functions of the TVPS are two-fold: 
base pressure (~lo-8 torr) between pulses, and 

1) maintain the vacuum vessel at 
2) pumping the vessel after a 

pulse is quenched and before the initiation of the next plasma pulse. These 
functions are sho~n quantitatively in Figures 5-27 and 5-28. 
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The use of Zr/Al getter units was selected as the primary system employed in 
pump regeneration, but other systems were examined in detail. In particular, 
the incorporation of an oil-free, stainless steel, diaphragm-type compressor 
was examined and found to be applicable. The application of compressor pumps 
in the backing system of the design was not fully investigated. 

For purposes of sizing the TVPS in COAST, it was assumed that the basic high 
vacuum pumping unit of a 2-m2 cryosorption pump was applied and that the number 
of pumps was proportional to the smooth surface area of the vacuum vessel. 
Assuming 10 pumps are required for the reference case when the vessel surface 
area is 370m2, a pump unit would be required for each 37m2 of vessel surface. 

5.11 REMOTE SERVICING SYSTEMS 

The systems that w111 be required to perform remote servicing operation~ on 
the machine, including maintenance and replacement of components are com­
prised of a variety of hardware and equipment items. Although a definitive 
compilation of these hardware and equipment items cannot be performed until 
the TNS design·becomes more clearly established, a preliminary compilation 
has been prepar.ed for purposes of the current studies and engineering judge-. 
ments have been used in estimating the type and number of items that will 
likely be required along with an estimate of the cost. These estimates .draw 
from the experience and needs identified in the fission program combined with 
the projected character and probable operation and maintenance expected of 
the TN$ deyice. Within the context of the present trade studies on TNS 7 

Table 5-15 provides a list of hardware and equipment needed for the remote 
servicing systems employed for each of the four HIS options investigated, 

independent of plasma size or toroidal field coil technology . 
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TABLE 5-15 

REQUIRED REMOTE SERVICING SYSTEM EQUIPMENT AND HARDWARE 

Item 

Self-propelled, shielded maintenance modules 
with internal space for three people, manipu­

. l~tors attached outside, but controlled by 
. ind-ividuals inside capable of performing 
specific operations on the device at its 
periphery as well as internal functions such 
as controlling cutting and welding ope~ation~ 
from the inside of the vacuum vessel. 
(3.required) 

Overhead, crane structure support, shielded­
manipulator. 

Wall mounted manipulators in neutral beam· 
and hot cell. (6 required) 

Manipul~tor - movable - post mounted at 
various fixed locations around the device. 
(6 required) 

·Portable shielding, casks, support equipm~nt~ 

V1ewing equipm~nt, TV, borescopes, tele­
scope, binoculars. 

Remote operated transport cars, tracks, etc. 

Spe·c i a 1 cutting-we 1 ding equi pnient. 

· Special handli~g devices (rigging fixtures, 
frames, support stands, etc.). · 

Miscellaneous special tools attached and 
operated by the manipulators. 

S~ielded windows (10 required). 

Remote controllers. 

Life support equipment. 

Survey monitors. 

Cleanup equipment. 
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Total Cost (M$) 

2.0 

2.0 

0.45 

0.90 

1.0 

2.0 

1.25 

0.60 

0.15 

0.15 

4.5 

2.0 

0.1 

0.05 

0.04 J 



• 

I 

The total estimated cost for the hardware.and equipment in the Remote Servicing 
Systems based on this preliminary compilation is·~ 18.0 M$. This cost has been 
employed as a fixed cost in the current TNS trade studies. 

5.12 PLANT FACILITIES 

The primary effort on· plant facilities during these TNS studies was devoted to 
establishment of generalized space, volume and area requirements for the experi­
mental complex including the reactor cell, power supply areas and other support 
structures and buildings as input to the base line for facility cost modeling. 
The facility cost was established on the basis that no buildings, usable for 
the TNS facility, would exist at the reactor site, i.e, the TNS facility would 
"stand alone~" 

To aid in determining the physical configuration of some of the major buildings 
and structures, functional requirements were established. Those functions associ­
ated with the Main Test Building are listed in Table 5-16. 

Other major structures which are not encompassed in the Main Test Building and 
their functions are as follows: 

FIELD COIL POHER COnVERSION BUILDING 

Functional Requirements. The Field Coil Conversion Building provides space 
for the equipment which converts the ac power to de where it is transmitted 
t~ the Toroidal Field (TF}, Equilibrium Field (EF), and Ohmic Heating (OH) 
coils in the Tokamak TNS Test Cell. 

NEUTRAL BEAf•1 PmJER CDr!VERSIOrl BUILDING 

Functional Requirements. The Neutral Beam Power Conversion Buildings house 
the equipment which provides electrical power to the Neutral Beam Injection 
System. Two basic functions are performed by this equipment: 1) transform 
and rectify, and 2) modulate voltage . 
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TABLE 5--16. 

FUNCTIONAL REQUIREMENTS - MAIN TEST BUILDING 

.:....:FA_:.::C:..::.I=LI=-:T--=-Y _______________ ....:.F...::..U:..:.=NCT I ON ( S). PERFORMED . 

TNS Building Complex 

Reactor Cell 

Diagnostic Basement· 
(Diagnostic & Equipment) 

Tritium Storage 

Hot Cell 

Neutral Beam 

Mock/Up Assembly Building 

Shielded Bay 

Galleries 

Tritium Cleanup Equipment 
(Basement) 

Uti 1 ity Space (Basement) 

Shielded Storage 

Storage Area (Basement) 

Vacuum Pump E~uipment 
(Basement) · 

.. ;, __ , ... ;. 

Permit assembly, test, minor maintenance, 
and disassembly by remote means 

Provide shieldeCI'"'~region for diagnostic 

Provide safe storage of tritium 

Permit remote maintenance of activated 
components 

Permit testing and maintenance on neutral 
beam injectors · 

Permit checkout of special features of TNS 
by trial assembly. Mock-ups would be used 
to aid in verifying remote maintenance 
procedures. Final qssembly;of specific 
components such as superctinducting field 
coils. 

Provide storage area for handling fixtures 
~nd prevent activation of crane 

Provide space for viewing interior of 
Reactor Cell 

House Tritium Clean-Up System Equipment 

Used to stage equipment and as air lock 

Temporary storage for radioactive compon­
ents/materials 

Storage for slightly contaminated large 
components 

Space for vacuum pumps for torus 
evacuation 

.~··· . I 



FACILITY 

INS Building Complex 
Utility Tunnel 

Trans fer Bay 

Maintenance 

Control Building 

t~echanical 

. ~' ! . 

TABLE 5-16 
(Continued) 

FUNCTION($} PERFORMED 

Enclosed routing between source and main· 
reactor cell for utility lines-electric bus, 
chilled water, helium, nitrogen, etc. 

To provide for movement of equipment 
between reactor cell, neutral beam test cell 
and hot ce'll 

Provide viewing and control capabilities 
for maintenance operations in Hot, Neutral 
Beam Test,_ and Main Reactor Cell 

House the central control for the entire 
complex. Provide laboratory and support 
space for radiation monitoring and safety 
personnel. Serve as primary entrance to 
building complex. 

Provide space for chilling equipment, , 
pumps, fans, filter and air handling 
equipment for complete TNS cooling water 
and heating, ·ventilation and air condi-. 
tioning systems 
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r-10TOR GEI"lER/\TOR BUILDING 

Functional Requirements. The basic function of the Motor-Generator (MG) Building 
will be to house the power supply for the large pulsed current required by the 
Toroidal Field (TF), Ohmic Heating (OH), and Equilibrium Field (EF) coils and 
the Neutral Beam (NB) Injection System. 

Physical configuration of the reactor cell was variable in these TNS trade studies 
based upon the estimated size of the reactor and neutral beam arms. Figures 3-2 

and 3-3 illustrate the method used in determining cell size. Estimated dimensions 
of the outer buildings and structures required were assigned based on the design of 

three separate HTGR plants, a VHTR reactor and a Mirror Hybrid Fusion-Fission 
Reactor. This basis is judged reasonable since a fusion plant is likely to have 
similar nuclear containment and design technologies as those required for fission 
plants. 

Table 5-17 ~ives the required facilities and the assumed f~.cility di111P.nsions. 
The term 11 Variable 11 appears in the dimension columns of the Reactor Cell, 
Remote Systems Operations and Basement -·Service Facilities, since the sizing 
of these depend upon the tokamak size to be accommodated and were calculated 
separately for each TNS option evaluated during the trade studies. 
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TABLE 5-17 

TNS FACILITY STRUCTURES 

Item Dimensions (m) 
1. Reactor Cell, Cylinder with Variable 

Dome - Containment 

2. Remote Systems Operations Variable 

3. NB Test Cell - Containment 15 X 40 X 9 
Remote Maintenance Area 15 X 40 

4. Hot Cell - Containment 18x22xl0 
Remote Maintenance Area 18 X 22 

5. Mock-Up Assembly Bay - 30 X 37 X 14 
Containment 

6. Transfer Bay - Containment 115 X 7 X 20 
Remote Maintenance Area 115x7 

7. Utility Tunnel 2 X 2 X 40 

8. Basement - Service Variable 
Facilities 

9. t•lotor-Genera tor Bui 1 ding 38 X 55 

10. Field Coil Power Conversion 50 X 30 X 6 
Building 

11. Capacitor Yard 24 X 24 

12. NB Power Conversion Building 91 X 40 X 4 

13. Control & ~lechanical Equipment 30 X 38 X 9 
Building 

14. Engineering Lab - Office Building 2800 m2 

15. Technical Shops 980 m2 

16. Maintenance Build{ng 900 m2 

17. Radwaste Processing Building 25 X 25 

18. Tritium Processing Facility 25 X 25 X 5 

19. Cryogenic Plant Building 25 X 20 X 6 

20. Cooling Water Pump House 30x10x5 

21. Switch Yard Structure 30 X 20 

• .. ..... - .. , - ..••. , ': . ••.. ·'-'1'.~ ·~,.~........... ,-I •. ' .: ... ~ .. "'. <)~:, ......... ·. -~-.. -.. -- ........ . 
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