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Chapter 1 

Introduction 

R. G. Mills .. 

Personnel 
f 

This book is .the result of the efforts of a large number of people. .Of the 

fifteen authors, eight are members of Princeto"n University's Plasma Physics. Laboratory: 

P. · Bonanos, U. R. Christensen, J.. File, S, L, Gralnicki G, Lewin, R. G~·Mills, 

W. G. Price, Jr., F. H. Tenney; two are members of the ·Argonne National Laboratory: T. 

A. Coultas, V. A, Maroni; two are· members of the Westinghouse Electric c;orporation: P. 

W. Davison, J, L. Johnson; one is a member of the Narragansett Electric Company: K. C, 

Sokolosky; and two are members of Princeton University's Department of Chemical 

Engineering: E. F; Johnson, and H. K, Perkins. 

Other contributors have included E. Greenspan who ·served at Pri·nceton for 

nineteen months· on. leave from the Israeli Atomic Energy Commission and played a key role 

in establishing a neutron-transport _capability at Princeton; T. Fujisawa; who spent a 

year at Princeton on leave from the Japanese Atomic Energy Research Institute to study 

reactor control; A. J, Impink of Carnegie Mellon University, who .spent· two weeks 

assisting in the initiation of neutron transport work; D. J, Rose of the Massachusetts 

Institute of Technology, who spent a week at Princeton in July of 1971 in lecturing and 

helping organize a catalog of problems pertinent to the study of fusion reactors; and R. 

Hancox of the Culham Laboratory in England, who spent a few days studying our proposed 

superconducting coil design and made helpful suggestions for improving it. 

The.book has been edited by R. G, Mills capably assisted by C. C. Hopkins, who 

is responsible for the Index. The computer-controlled composition has been provided by 

R. Slafkovsky and M. L. Halliday. 

History of Intere~t in Fusion Reactors 

As soon as the knowledge of the atomic nucleus· allowed accurate measurements 

of the different isotopic masses, it became clear from the equivalence of mass and energy 

that there was a vast amount of potential energy available from the light elements, and 

that in principle fusion reactors should be possible, although no realistic suggestions 

were made for machi~es. 1 The stars seemed to depend on nuclear fusion energy,· and 

thermonuclear chain reactions were proposed to explain their vast energy production. 2 
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Fission proved to be more readily· achievable on earth, and the pressures of 

war led to its rapid harnessing 

effect. 3 Although •fission workers 

within an amazing six years of discovery of the 

at· Los . Alamos during the war had discussed 

possibilities for fusion apparatus, serious work was not undertaken until the early 

nineteen-fifties. With special stimulus from a report by Lyman Spitzer, 4 Chairman of 

the Astronomy Department at Princeton, the classified Project Sherwood was born. The 

early history of this project is described in the.book by Bishop. 5 

One of the early tasks undertaken by ·Spitzer was to organize a small group of 

engine'ers and scientists from indµstry to cons"ider the conceptual design of a practical 

power plant- based on the stellarator type of magnetic confinement design. This group 

worked together during the summer of. 1954 and issued their report, the so-called "Model 

D Report", 6. the followin_g fall. This was the first effort and for many years :the only 

detailed study of what a fusion power station might .be. 

Concurrently, the plasma physics research effort was growing, and.larger, 

more powerful experimental:. facilities brought into operation. As experimental 

sophistication grew·; . the nature of the problem became clearer~ It became increasi-ngl.y 

more doubtful that the high betas (relative plasma pressures).assumed ·for Model D were 

realistic. lt became clear that the machine .as described could not operate. 

The prognos-is for low-beta,. normal magnetic field machines was gloomy. The. 

curves shown•in Fig~ 1.1 indicate how the situation appeared in March, 1961. 7 The· 

discovery earlier that ·year of high field superconductivity8 was the .answer to ·the low 

beta· problem. The 100 kilogauss superconductirtg·line in Fig. 1.1 was essentially an 

afterthought (added to the figure originally prepared under the assumption that 60 

kilogauss was the maximum reasonable superconducting field to assume) following the 

announcement of ~he Hell Laboratories' discovery of Nb
3

Sn as. a high field 

superconductor. ·This historic development made the fusion reactor again appear as a 

practical possibility and also raised hopes for the previously ~pparently unattairiable. 

small demonstration reactor. 7 

Nevertheless, the· pl~sma physics experimental work progressed slowly and 

disappointingly· throughout most of the sixties. At the same time the interest in fusion 

reactors was spreading in the technical. community. The vast complex problems of plasma 

physics absorbed essentially all of the support available, and some people wondered if 

there were not engineering problems of equal or greater difficulty that might preclude 

~uccessful fusion reactors or at least require substantial development efforts'. At the 

Massachusetts Institute of ~echnology under the leadership .of Professor D. J. Rose, 
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five theses were written in the 'mid sixties on engineerin~ aspects of thermonuclear 

reactors.9,10,11,12,13 

In the latter half of that decade interest grew rapidly, culminating in the 

1969 conference at the Culham Laboratory in England, 14 the first large conference 

devoted exclusively to the technology and problems of nuclear fusion reactors. It was in 

that same year that the impressive performance of tokamaks was verified, and the current 

high optimism engendered. 

Today the experimental success in tokamak-type toroids, their behavior in 

accordance with newly-developed theory, and the fact that extrapolation ~o reactor-sized 

devices from laboratory devices for the· first time predicts successful reactors have 

convinced most workers in the field of thermonuclear research that scientific feasibility 

will be proved within the next several years. 

This present state of active optimism has spawned a great number of groups 

organized to study the engineering problems of controlled thermonuclear reactors. Such· 

groups are at work· in Europe, especially in England and Germany as well as in Russia, 

France, Italy,. and the Scandinavian· countries; in Asia, especially in Japan; and in North 

America, at the University of Wisconsin, Lawrence Livermore Laboratory, Oak Ridge 

National Laboratory, Los.Alamos Scientifi'c Laboratory, the University of Texas, the 

Princeton Plasma Physics Laboratory., and elsewhere. 

Thi& book reports some of the work of the Princeton Group. For over ten 

years, Princeton personnel have believed that the original Model D report should· be 

rewritten. 'l'he time did not seem ripe until 1971. 

The Princeton Reactor Studies Program 

.Pri~ceton's Reactpr Studies Group was organized in the summer of 1971 by R. G. 

Mills, who assembled an international interdisciplinary group to attempt a comprehensive 

study of all aspects of the engineering problems associated with practical ·power 

production based on the nuclear fusion reaction. Initially supported at a meager level 

with funding from the Atomic Energy Cominission as a small part of· the activities of 

Princeton's Plasma Physics Laboratory, it was able to expand its level of effort 

significantly when the Edison Electric Institute in the winter of '71-'72 designated the 

Princeton Program as an approved Edison Electric Institute Research Project (No. RP 113). 

In addition to this formal support, industry contributed informally by providing members 

" of their engineering staffs at no cost to Princeton to join the reactor studies effort. 

Appro~imately eight man-years of effort are currently being expended on the 
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activities of the Reactor Studies Group. The major part of this effort during 1972 and 

1973 was to. complete· the conceptual design of the fusion power plant described in this 

report. 

In undertaking such a task,· one is faced with numerous choices. Like a 

smorgasbord laden with multifarious tempting delicacies, the great variety of engineering 

challenges associated with this new form of machine can overwhelm an individual allowing 

him to sample sparingly from many dishes, but to do full justice to but few. 

The advantage of a large group is its ability to do a complete job on many 

aspects of the problem and do it in a coordinated manner that avoids contradictions and 

inconsistencies. When studying only one part of a complex problem, it is very easy to 

ignore the constraints that would be imposed on that problem by requirements of other 

subsystems. Many assumptions must be made in such a conceptual design 

incomp.leteness of current knowledge, but only those assump.tions that must 

be made. 

because of the 

be made should 

To many plasma physics researchers, considerations of eventual power plants 

are of interest only if they relate to the current plasma physics research programs. In 

addition to the obvious needs of such research to determine the transport properties of 

magnetized plasmas and effective methods of h~ating them, the , current stud~es have 

emphasized the need for plasma research on fuel injectors and on the performance of. 

divertors. On the engineering side, the need for the development of superconducting' 

coils is merely the top item of a long list that will become more evident to a reader as 

he peruses this volume. 

The Model 

To undertake a conceptual· design of a future power plant, a selection must be 

made of the type of plant to study. The model should serve as a point of reference or 

benchmark against which to gauge changing ideas. One opinion is to describe an ultimate 

power plant, one that would represent the best that can be hoped for in a fusion system 

under reasonable assumptions of future availability of high temperature metals, high 

efficiency thermodynamic systems, and' ideal plasma behavior. With such a model the 

considerable advantages of a fusion system will become very obvious, and current research 

can be directed toward those problems that need solution to achieve this very worthwhile 

objective. Opponents to this approach say that any attempt to look that far in the 

future can only serve to bring the model even further from reality; and may tend to 

oversell fusion systems. There is also some risk that such a model may be .misinterpreted 

to imply that these numerous ·optimi~tic assumptions may be necessary to make a fusion 
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system appear economic and 'there1ore reduce the credibility of fusion's future. 

Carrying the cre'dibi-lity argument to its logical end results in a ·body of 

opinion that one's reactor model should be the minimum possible extrapolation of current 

laboratory experience, the smallest possible machine that would produce real output power 

and with a minimum of new. auxiliaries and de.vices. In essence· this is a prototype 

reactor not to be expected to be economic. Such a model will be much more useful in 

guiding one's -plans for the next generation Of plasma ph~sics experiments. The argument 

against this point of view is that ·it fii:lls short on some points. It ignores the 

eventual goal of ecoriomic power and therefore fails to show the potential advantages of a 

fusion system. 

We have taken a compromise·position on this question in an attempt to satisfy 

the critics of the "very first" and "very· last" reactor model types. By choosing a 
I 

first-generation i commercial power -plant as our target, we attempt to show the advantages 

of fusion power without straining technical credibility by reaching for the ultimate. By 
. I 

making it a near-term objective· we strive to save its releva_nce in.guiding current 

research. 

Simplitity has influenced many of our decisions. Enough complication is 

forced upon us by the inherent complexity of toroidal magnetic 'confinement of a plasma. 

Wherever· choices of methods or devices have appeared,· we -have attempted to choose 'the 

s·implest ·possible· solutions even at some sacrifice in performance. 

ConservatiVe-choices have been made when po~sible between pro~ertie~ available 

today versus hoped-for future improvement. New developments should, as a consequence, 

allow favorable changes in the performance of the model. {J 

Completeness has been a principal goal of this st~dy. It is all too easy 

simply to ignore difficult problems or areas in which knowledge is ·lacking. We hope we 

have avoided this pitfall _by clearly identifying where we have oeen forced to make 

/ assumptions, what they are, and why we have made them. 

Unknowns have been treated by extrapolating current experimental data, 

predicting regions of probable future developments, and within this range assuming a· 

.conservative (i.e., pessimistic) result of these future developments. 

The assumptions required relate to the transport pro'perties of reactor·grade 
I 

plasmas, ·methods"· of injecting fuel into a reacting plasma, heating ·and ignition 
'~,; ~ : 

p~ocedures, performahce Of plasma divertor~, and the rate of embrittlement and useful 

lifetime of the first vacuum wall in the netitron flux. All these questions are discussed 

thoroughly iti the text. 
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Organization of this Report 

The book is divided into four parts: Overview, Technical Features, System 

Features, and Remaining ~roblems. The Overview is intended f~r those who wish a summiry 

of the work, but who do not wish to spare the time to read the entire document. It 

contains three chapters: this Introduction, Summary of Technical Features, and 

Advantages of Fusion Power. Chapter 2 is a br~ef summary and condensation of the twelve 

cpapters of Part II., while Chapter 3 does the same for the five chapters of Part III. 

Part IV describes pos~ible uses for this report and areas of future research 

for which needs have been discovered, 

The model.h~rein described, rather than being a science fiction reporter's 

view of what a future power plant might be, is supposed to be a reference design.to be 

used as a standard against which the value of different ideas and the effect of future 

dev~lopments may be measured. 

A careful effort has been made in the Index to facilitate the book's use as a 

reference, 
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Chapter 2 

Summary of Technical Features 

R. G. Mills 

Plant Characteristics 

The electric plant described in this report produces 2030 MW of electric power 

for sale. The nuclear heat generated is 5305 HW. The overall net efficiency is 38%. 

The gross electric efficiency is 45.3% .. The generators produce 2405 MW of electricity 

of which 375 is used within the plant, primarily for circulating the helium gas coolant. 

A chart of th~se characteristics, together with a large number of other operating 

p~~~meters, is presented for quick reference in Appendix A to this document. A detailed 

drawing of the plant is presented on th~ fold-out illustration inside the back cover. 

The primary fuels consumed within the reacting plasma are deuterium and 

tritium. Although an initial inventory of about 3 kg of tritium is required in order to 

begin operations, subsequent needs foT tritium will be met by generating it from lithium 
_/ 

in the lithium~beryllium-fluoride salt (flibe) present in the blanket. At full power, 

1.1 kg of lithium will be consumed per day, but since the blanket contains over 160,000 

kg of lithium, it· may ·be several years before any lithium need be added to the blanket. 

This lithium need not be considered as a fuel but more as a ·mairitenanc·e and renewal 

e~pense in servicing the~acility. The deute~ium fuel requirements (0.35 kg per day) may 

be met by th~ ~urchase of heavy water. Daily consumption of n
2
o will .be about 1. 76 kg 

which should ·co~t less than eighty dollars. 

Maintenance of the facility should be very similar to that for other large 

power stations, novel features being the cryogenic and vacuum systems. Replacement of 

the vac~~m wall, an embrittled and activated weldment of large size, looms especially 

large as a possible c.:omplication. The assumption Df 200,000 operating hours for the 

plant.(25-30 years of useful lifetime) ·implies the replacement of this part of the plant 

a few times. Service life information is not yet available; so the detailed design of 

the first vacuum wall must allow for 1) very small ( < 1%) elongatibn to fracture of the 

irradiated metal and 2) arrangements for relatively fast replacement of damaged 1or 
/ 

elderly sections. 
Princtp'al Systems 

The Magnets 

The various sets of coils have been given the names: toroidal field coils, 

vertical field coils, divertor coils, and control windings. The~e will be discussed in 

turn. Figure 2.1 shows a cross section of the machine on which the various co;i.ls are 

10 
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located. The toroidal field coils generate the most intense magnetic field and the 

largest magnetic flux. They are formed in a special shape to eliminate large bending 

moments and thereby minimize the amount of necessary structural material. 1 • 2 The 

superconducting material chosen is Nb
3
Sn. The field level is chosen to match the limit 

of the current state of the art of magnetic field design . 

The vertical field coils are positioned to give the proper intensity and 

curvature of this field for equilibrium and stability of the plasma toroid current (14 . 6 

MA) characteristic of a tokamak machine. 

The divertor coils produce the separatrix for the divertor field and steer the 

scrapeoff layer through the divertor channel into the plasma collection chamber. Placing 

the null of the poloidal field on mid-plane between the plasma column and the major axis 

of symmetry is the prime cause of the large reactor size, since a minimum amount of 

neutron shielding is required between the plasma and the toroidal field coi l. The 

position of this null is optimum from the point of view of providing proper field 

curvature for plasma magnetohydrodynamic stability . 3 

The control windings provide a source of flux to generate the voltage that 

provides the ohmic losses of the plasma during the hundred- minute burn time . This f l ux 

does not cross the plasma channel and does not contribute to the field that is shaped by 

the vertical and divertor field coils. 

ThP P l RRm~ 

The quasi - steady state operation of Lhe reactor will continue for a period of 

97 minutes followed by a three-minute interruption for reignition; thus the duty factor 

is 97%. The low density (10-8 atmosphere) gas filling will be preionized by rf electric 

fields, and ionization will Le completed by an ohmic heatjng ~urrent induced by the 

vertical field coils. Ohmic heating may not be sufficient to bring the plasma to the 

ignition point . Neutral beam injection into the ohmically-heated target plasma will be 

used to make up any energy deficit from the ohmic heating process. Once the D- T plasma 

ignition and the alpha self-heating begin to raise the Lemperature rapidly, fuel with an 

argon radiant added will be injected by an electrostatic accelerator, and the plasma 

density will rise to the operating level. When this quasi-steady state has been 

achieved, continued fuel injection in equilibrium with the diffusion losses will take 

place rather uniformly throughout the plasma, and the temperature and density profiles 

shown in Figs. 2.2 and 2.3 will be established. 
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The Divertor 

The divertor protects the wall from ·bombardment.by energetic ions. The 

exiting plasma is guided to an external chamber where its residual energy is recovered 

primarily by recombination line radiation and subsequently by delivery to a higher 

density· gas dump in the exhaust pump manifolds. The divertor also protects the inner, 

high temperature reacting plasma from impurities by ionizing and therefore immobilizing 

any neutrals app·rciaching from the outside and conducting them also to the external dump. 

Figure 2.4 shows the plasma temperature in different regions of the divertor. (See 

Chapter 6 for further discussion.) Th.e outer boundary of the plasma core has a 

temperature of about 500 eV. The divertor, a region of high transport along field lines, 

provides a temperature drop to about 100 eV at the exit throat where a major drop in 

temperature (and corresponding rise in pressure) results. Outside the divertor and 

within the manifold, the higher density gas rapidly comes to thermal equilibrium with.the 

wall and is pumped out by the vacuum system. The position of the ionization, 

temperature, and density front where the flow becomes supersonic is controlled by the 

throughput and composition of the plasma . 

. The Fuel System 

The primary fuel loop simply returns the collected,. compressed exhaust gas, 

after separation of the argon, helium, and protium.contaminants, to the fuel injector 

where the liquif ied fuel is formed into pellets with apprqpri.fl.te A .. ri;~on arlr.'I :i.t. j on. .1'i.1ring 

a single pass through· the 'machine, about. 8. 7% of the deuterium and trH.tum burns. · The 

makeup deuterium and tritium comes from the blanket tritium generating cycle and the 
\. 

heavy water electrolyzer. 

Tritium bred from lithium aµµears in the blanket in two places. The amount 

that diffuses int0 the helium coolant is oxidized by the oxygen content of the helium and 

is collected on an adsorbent. That whicih appears in the salt forms tritium fluoride 

which,· after pumping from the salt, is collected in cold traps. Subsequent electrolysis 

regenerates tritium which is recycled to the primary fuel loop. The "ash" of a D-T 

fusion power plant consists ·principally.of helium. In the reference design, 0.70 kg/day 

is produced as the fusion product, while another 1.12 kg/day is released as a·byproduct 

of tritium breeding in the blanket .. This.should suffice to replace ordinary leakage of 

helium from the plant coolant. 
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The Blanket and Shield 

The blanket converts the neutron energy to heat and breeds tritium. The 

shield reduces the neutron flux to levels tolerable· by the superconducting coils and the 

cryogenic refrigeration and further reduces it to allow periodic maintenance on the 

divertor and pumping manifold structure. The 14.1 MeV neutrons, basic in the ~-T 

reactor, yield a further 9. MeV of energy when absorbed in the blanket. Tritium is bred 

primarily from neutrons absorbed in: Li.-6 but also to some extent· by multiplication in 

Li-7. The net tritium breeding ratio is 1.04, which yields a tritium doubling time of 

four months, substantially shorter than the maximum allowable. Actually, as the blanket 

ages, .the doubling time increases as the isotopic abundance of Li-6 falls. The economy 

of when to recharge the blanket with lithium, the isotopic composition of the recharge, 

and the net overall breeding ratio to select is an intricate problem of optimization that 

depends on the overall state of ·the fusion power economy, i.e., the market for tritium. 

.0.527. 

The production rate of tritium is 0.548 kg/day compared with a burning rate of 

With copper in the heat exchangers, only 2 x lo-7 kg wi .. 11 be lost per day. The 

total inventory in the plant will be 2. 6. kg, two of which is fuel reserve representing 8 

hours of feed or 4 days of burnup. The holdup time in the primary fuel loop is 1 hour, 

and in the recovery and pumping from the blanket, 2 hours. Thus a reserve is provided in 

case of t~chnical difficulty with these systems. 

Cooling and Steam Generation 

The total 5305. MW of nuclear heat plus 241 dissipated in the helium from the 

circulating pumps is delivered to the steam in the steam generators. This 5546 MW of 

thermal power is converted to 2405 MW of electric power by the turbine generators, a 

cross-compound, two-shaft system with one stage of superheat and two stages of reheat. 

The grbss generator output of 2405 tffl provides 2030 for external sale and 375 for 

internal plant needs. Most of this C.251 MW) goes to the helium circulators where 10 is 

lost in the motors ahd 241 adds to the thermal energy of the helium. The balance of the 

plant's needs (124 MW) represents a refrigeration load of 100, a cooling tower fan 

requirement for 15, and 9 for miscellaneous auxiliaries including ohmic heating, 

ignition, and injection equipment. 

Although the gross electric plant efficiency is 45.3%, the net is only 38.3%, 

the penalty attributable primarily to the choice of helium as a coolant. The advant~~es 

of the helium coolant (chemical and physical compatibility) are worth th~~ p~~alty in 

/ 
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efficiency, however. In fact, for fusion power, the economic m_otivation for increasing 

efficiency is somewhat different from that in the fossil or fission power industry. 

There are no cost savings in _fuel since fuel costs are negligible. one must. look for 

reductions in capital equipment (such as evaporative cooling towers) or in cooling water 

needs, etc., in. order economically to justify complications that produce higher 

efficiency. An important attraction is the reduction of heat released to the environment 

("thermal pollution"). Eventually, with extraordinarily advanced fusion power systems, 

.one may be able to approach 60% net thermal efficiency. This would allow reduction of 

· wast.e heat to about 50% of current levels for n given power demand. 

The rejected heat will, however, _be _the principal environmental concern in the 

op~ration of a fusion power plant, more important than the inevitable but small.lea~~ge 

of tritium to the environment. By using copper as a barrier, proposed here for the first 

time, it appears that leakage through the steam generators (the only significant pla~e) 

can be limited to about. 2 curies per day, .a small .fraction of what would be acceptable. 

System Peculiarities 

-The Cryogenic Superconducting Magnets 

The technology of fusion reactors will inclucie several features quite .. 
different from any in large scale power apparatus in .use today. The superconducting 

magnet is one example. It will be refrigerated to a cryogenic environment, 4-10 K, and 

will store over 250 gigajoules of energy~ It will be necessary to provide a safe method 

of dumping this energy externally in case of some malfunction. - A small external pond can 

absorb this·energy with external resistors switched appropriately into the confining 

field circuit. The circuitry ciesc~ibed elsewhere in this report allows such a dump 

without raising the temperature of the Dewars by an appreciable amount. A complete 

warmup of the1 Dewars followed by a recooling could require two weeks and c..:au::;e ai"1 

unreasonably long interruption in electric service. 

Need for Reignition 

The plasma ring forms ·a one-turn, closed electric circuit carrying 14.6 MA. 

The resistance of this closed conductor, although very low, is nevertheless finite, and 

the resultant energy dissipation implies a limited time during which the current can be 

maintained. The control windings produce a linearly changing flux through the ring 

sufficient to generate the ten millivolts needed to drive the current. The vertical 

field on the major axis of the machine produced by these coils changes from minus to plus 
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22 kilogauss. This takes place during a period of 97 minutes. In three minutes the 

plasma is exting~ished and reignited. Details of this process may be found in Chapter 4. 

The blanket temperature drops by < 50°C during the 3-minute interruption to maintain a 

continuous output power of 2030 MW. 

Radiation oa·ma:ge 

This severe problem may prove crucial to the future of fusion power. The 

neutron energy spectrum is -c·onsiderably harder than that encountered in fission reactors 

and is therefore more effective in producing helium within the structure from endothermic 

(n,a) reactions. The· embrittlemerit of metals due to helium accumulation along grain 

boundaries· appears to oe a probleni for which - no satisfactory solution has yet been 

demonstrated. Alloys have been developed that 

alleviates the swelling produced by the neutron flux. 

have dispersed precipitates. 

It has been suggested that 

This 

these 

alternate sinks for the helium may prevent, or at least slow, the accumulation on grain 

boundaries. However it is not expected to eliminate the problem, and thus one is faced 

with the task of designing a structure that will rapidly become very brittle (of the 

order of 1% elongation to fracture). Thus temperature excursions and other 

stress-inducing phenomena become a major design consideration. 

The Vacuum System 

Although ultra high vacuum techniques have become a recognized industry in the 

last twenty ·:years,- the volume required for this reactor mod-el ( "'3000 m3 ) is 

unprecedented. Nevertheless, except for the embrittlement problem mentioned above, there 

seem to be no extraordinarily difficult problems to meet in the vacuum system. 
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Chapter 3 

Advantages of Fusion Power 

P. Bonanos 

The need for alternate fuel sources, convertible to eledtrical and thermal 

energy, has recently received· widespread recognition. Forecasts of reserves of fossil 

fuels and rich-ore fissile materials all reach the same conclusion, differing only in the 

final numbers; these resources are finite, and extended use in the current manner will 

continue for no more than several generations or at most, a few centuries. The 

extraction of these fuels and their· modification into useful forms are increasingly 

difficult and ofte~ baneful~ 

Abundant low cost energy assures the continued satisfaction of human material 

needs.· The supply of food, water, shelter and clothing will, in the long· term, depend 

more strongly on available energy production. 

The ultimate source of future needs lies in the nuclear burning of uranium, 

thorium~ deuterium and lithium in breeder and fusion reactors. The breeder reactor is 

clearly feasible-~echnically, and a positive demonstration of ~his concept is expected in 

approximately 15 years. The alternative of fusion. power ·still requires a series of 

large-scale scientific experiments to prove feasibility in parallel with, an·d f,ollowed 

by, an intensive engineering effort, drawing much practical data from breeder· 

development, to construct and operate a power reactor. Fusion and the breeder offer the 

only solution to.long-term energy supply, and while the following discussion cites the 

manifold behefits of fusion power, many of the specific points are not exclusive but 

common advantages held by both. 

Fuels 

The major advantage of fusion power .is the essentially inexhaustible and cheap 

.fuel supply. The total mass of fuel consumed. in a 2000 MWe plant is .small, less than 2 

kg/day, and fuel costs are estimated to be less than 0.02 mill/kWh. Deuterium gas is 

presently extracted from water in: commercial quantities at reasonabfe cc;>st. For D-T 

reactors the tritium is not available naturally an'd must be bred within the plant using 

primarily the reactions Li-6 (n, a) T and Li-7.(n, n, a) T. Lithium is naturally 

abundant. Total reserves are not accurately known because easily available surface 

sources such as western United States lake brines represent many centuries' use at 

current consumption rates. The incentive for further exploration does not yet exist. If 

20 
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this reserve alone were utilized in fusion plants for all United States energy uses, not 

1 
only electrical, it would correspond to a 9000-year supply at 1970 cons~mption rates.. If 

oceanic reserves were ever needed and additional processing resulted in an order of 

magnitude increase in cost it would stil·l be a cheap fuel. 

The low mass and volume .of ·fuel· needed for a· large electric plant offers 

greater freedom in plant placement and layout. Plant sites.need ~ot be tied to port 

facilities or railroads with capacity for continuous delivery of massive fuel quantities. 

Plant yard area for fuel storage and handling is essentially. eliminated. A year's supply 

of deuterium could occu~y less than 100 square feet of floor space and might be stored 

conveniently as liquid in a 1000-liter Dewar, electrolyzed from a heavy water tank or as 

a gas in high. pressure cylinder8. 

The.fuel is not only plentiful but indigenous. Thus, the concern over supply· 

and control.of primary fuels is removed from the objective of reliable power production. 

The internati.onal politics and finance of oil and gas supply and delivery hav.e reduced 

importance. A further result is not only a national independence with respect to fuels 

but an ability, through design, for each utility to be practically self sustaining for 

lone periods. If the initial charge of lithium in the reactor·model proposed here were 
I 

enriched to 12% Li-6 (7.5% natural), it might be used for.20 years with little change in 

breeding characteristics. Again, external-influences, in this case labor strikes at coal 

mines, oil refineries and in transportation, do not significantly affect existing plant 

operations. The self-reliance is not total however, and is limited to fuels. 

A potential advantage held in common by all nuclear systems is that fossil 

fuels would not be. burned for electrical needs. These convenient compounds of hydrogen 

and carbon would then. be available for other purposes such as the production of portable 

fuels, petrochemicals, plastics and fibers thus extending the period during which they, 

too, will be completely exhausted.. Ultimate replacement of these commodities may be 

achieved using more abundant resources and energy. 

Plant and System Characteristics 

Reactor.designs of the tokamak type indicate irreducibly large plant sizes of 

500 MWe. or more and are thus suitable only as base-load plants. They will require 

substantial .water sources for once-through heat· rejection. Atmospheric rejection through 

dry towers with their consequent higher rejection temperatures, turbine exhaust pressures 

and increased capital costs may remain an economically tolerable alternative when overall 

system costs are egamined. The point here is that a fusion reactor could, in concept, be 
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built in a desert or another normally inappropriate site with a small quantity of makeup 

water piped to the plant. The limiting level of energy pr.oduction on a global scale will 

·not be limited by fuels but rather by heat .rejection, and this limit is very large. 

The reacting plasma volume is a tenuous heat source. Improper control of 

magnet coils, fuel feed rates and composition, vacuum system components or cryogenic 

refrigeration machinery may sto~ the reaction. The suppo~tive auxiliary equipment is, 

collectively, a machinery complex of high technical order requiring well-trained 

operating and maintenance personnel for continuous reliable operation. 

Safety and Environmental Characteristics 

The main dangers inherent in fusion power plants. are derived from (1) the use 

of tritium and (2) the production of high ~nergt.neutrons. Tritium is biologically 

harmful through emission of a low energy beta particle. It measurably permeates metal 

walls at high temperatures, and containment· will require careful detailed design and 

sensitive detection equipment. 

The vacuum wall and blanket structure will activate during operation and 

requ~re some form of long-term disposal at the end of its functional life. The internal 

plant structure will be inaccessible for contact maintenance, and complex remote handling 

and r~pair facilities are es~ential. There are also hazards inirinsic in the potential 

energy associated with high pressure, high temperature working fluids and high magnetic 

fields. 

Fusion power ·systems offer inherent safety characteristics as well. Sustained 

thermal "runaways" are clearly impossible since the reacting medium is fueled for a few 

seconds of operation only. After initial startup, no further radioactive fuel transport 

is ·required, nor is external fuel reprocessing necessary.· The added safety may permit 

plant siting.close to large industrial users and 'population centers. This reduces energy 

losses, land use and capital costs for transmission and offers the potential for sale of 

waste heat for direct uses such as industrial and district heating. 

Thermal efficiencies in fusion plan.ts will match or exceed those of any 

competing thermal system. Blanket design is flexible, and upper temperature limits are 

set by the same metallurgical constraints common to all heat cycles. There is a 

possibility also of the development of some direct conversion system with still further 

efficiency improvement. Waste heat, if not usable; is therefore reduced to a minimum. 

In conclusion fusion power is an ener~y generation system freed.from fuel 

~estraints, of high conversion effitiency, and offering great flexibility in plant design 

and siting. 

( 
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Chapter:· 4 

Plasma Characteristics an~ Control 

·J. L. Johnson* and S. L. Gralni·ck 

Introduction 

Here we give a brief statement of the problems that guide our choice of plasma 
I 

proper.ties, discuss the specific parameters chosen, and mentfon· a few options availabl'e 

for plasma control. 

For a steady~state plasma; the energy entering or produced by nuclear 

reactions in any volume element must just equal that lost by diffusion, convection, _heat 

conduction, and radiation. Unless this condition is satisfied, the plasma will cool ·and 

the reaction will go out, or the temperature of the plasma will increase. This 

generalization of the Lawson criterion1 imposes serious. restrictions on. the choice of the 

plasma paramefers. Two specific problems associated wi.th this are a· need for an 

enhancement of plasma diffusion over that predicted by classical models and for con~rol 
. I 

of the plasma temperature. The first arises from the fact that if a significant fraction 

of the fuel reacts before it has diffused through the system and the resultin~ helium is 

well confined, a major part of the magnetic pressure would be used to c·ontai_n the ash. 

Similarly; lef·t on their own, the_ electrons would tend to get too_ -~ot and exert :t6o much 

pressure on the, confining magnetic fi~ld. Thus, a given externally imposed field could 
::-, .·· 
·~ot contain as many reacting ions, and the reactor economics woul~atiff~r. To· _prevent 

these difficulties, we postulate that something enhances the diffi.isiod.mechanism to spoil 

the containmerit (an idea guaranteed to ·upset any plasma theorist) and introduce some 

argon impurity (a technique to disturb the experimentalists as well) to enhance the 

.bremsstrahlung loss. 

Plasma Properties 

Transport 

In a magnetically confined plasma, the charged particles gyrate around 

magnetic field lines executing orbits of radius p = mv1 c/eB. Collisions with other 

particles cause their guiding centers to move to new magnetic field liries. This random 

walk provides a net motion in the opposite direction fr9m the density gradient2 and thus 

provides diffusior. To the extent that one can treat the electrons or ions as a fluid 

and introduce an average veiocity t6 represent them and replace the many ~mall-angle 

*on loan from Westinghouse Research Laboratories. 
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collisions that occur with a Coulomb interaction by some average collision frequency, the 
\ 

diffusion is well described by a random walk 

(4.1) 

Geometric effects increase this by a factor ( 1 + 2 q 2 ) with q ~ a Bt/RBP the safety 

factor. This "classical" diffusion expression holds if the collision frequency , v, is 

greater than vth/qR, the frequency with which particles sample all parts of the magnetic 

surfaces. 

If the collision frequency lies in the range (a/R) 312vth/qR < v <vth/qR, the 

particles trapped in the toroidal magnetic field mirrors undergo many bounces between 

collisions and thus do not contribute excessively to diffusion. The guiding centers of 

the untrapped electrons do not have time to complete their banana orbits between 

collisions, however, so the effective step length is increased, To further complicate 

the problem, the effective collision frequency depends on the shape of the distribution 

function for Coulomb collisions and is thus enhanced by the geometry. Then 3 

(4.2) 

Note that, in this regime, the coefficient is independent of the collision frequency, 

For even lower collision frequencies, v < (a/R) 3 / 2v · /qR 
th 

the main contribution to diffusion. Then 

D -v (R/a)3/2 q2 

the trapped particles provid~ 

(4.3) 

a factor (R/a) 3
/

2 
larger than that predicted by the "classical" Pfirsch-Schluter formula. 

The relation of the diffusio~ coefficient to the collisio~ frequency is shown in Fig. 

4.1. 

It is a reasonable conjec.tu:re that plasma turbulence could further amplify the 

diffusion, primarily by further increasing the frequency or size of the step in a random 

walk. Quasilinea:r calculations associated with trapped particle instabilities indicate 

that this is indeed the case as is shown in Fig. 4.1. It is useful to postulate that 

4 
·such turbulence could persist for all values of the collis~on frequency so that 

(4.4) 
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Fig, 4.1 Diffusion and electron thermal 
conductivity. 1) Due to pair collisions; 
2) due to trapped-ion instability; 3) due 
to trapped-electron instability; 4) · thermal -
conductivity due to trapped-electron instability. 
(Court~sy of Nuclear.F~sion) 
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the coefficient being essentially the same as that of the banana regime where the 

untrapped particles were most important. This speculation fits well with most 

experiments and is usually used for scalings. 

Since diffusion represents an expansion of the plasma through the magnetic 

field, it is clear that it must be associated with a dissipative process, Indeed. the 

concepts of resistivity and diffusion are closely related, and the coefficient of 

resistivity is fixed when the diffusion is prescribed. Obviously, since thermal 

conductivity is associated witQ the energy carried by particles (principally ions) as 

they move along the field lines or across them because of collision$, this prescription 

also determines the thermal conductivity. 

As noted earlier, the diffusion coefficient must be specified within fairly 

narrow limits or the plasma cannot be confined under steady-state conditions. For this 

design, we therefore assume an optimum value from this point of view and assume that the 

physics can .be adjusted to provide it. Since the desired number is not far from that 
4 

associated with pseudo-classical diffusion, this seems reasonable. 

Radi.atton 

In a fu·lly ionized plasma, the two main kinds of radiation are bremsstrahlung 

and synchrotron. Plasmas with reactor parameters are transparent to bremsstrahlung and 

some of the synchrotron radiation. Since the vacuum wall should be a good reflector for 

the synchrotron radiation generated by the electron acceleration associated with gyration 

around the field lines, we assume a truncated black body spectrum and calculate the wall 

absorption. We rely on the bremsstrahlung to keep the electrons from getting too hot. 

Indeed, we inject a 4.8 percent argon impurity to increase this loss. Then the ion 

heating through direct interaction with the reaction alpha particles keeps the ions 

hotter than the electrons. 

Plasma Eq'uilibrium 

We use a one-dimensional cylindrical model to determine a steady state of the 

plasma, solving transport equations for conservation of number of particles, momentum, 

and energy for several species - electrons, thermal ions (deuterium and tritium), and 

energetic ions (alpha particles). We assume that injection of cold particles can be 

accomplished so that the. electron density is paraboli<.:, 

(4.5) 
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and, using our assumed values for diffusion, thermal conductivity, resistivity, 

radiation, thermal relaxation between spedies, etc., iterate to a stationary solution. 

Then, using tokamak equilibrium theory, we calculate the toroidal shift of the centers of 

the magnetic surfaces from the magnetic axis 5 • 6 to see that neglect of' toroidal curvature 

is reasonable. For the parameters of this study only the outermost surfaces are shifted 

significantli. The constant magnetic flux surfaces, . based on this calculation, are 

approximated in Fig. 4.2 as a nested set of toroids. To compute the separatrix ·surface, 

the complex curren·ts in the discharge were approximated by a single filament of curr·ent, 

and use was made of the equilibrium theory to specify the requireq externally applied 
-I 

vertical field in the region of the magnetic axis.: The magnetic surfaces shown near the 

magnetic axis are circles shifted in accordance w~th the calcblation, but the outer 

surfaces have been distorted to conform to the shape of the separatrix. 

Plasma Stability 

Since the plasma must be confined in a steady state, we must ·be concerned ·with 

instabilities. The most dangerous mode, the m = 1 kink, sets in if q = 1 anywhere in the 

plasma. Our adopted current distribution prevents this mode. On an idealized model 

all higher-m kink modes are stable; 7 resistivity allows field line bre··aking to enable 

tearing modes to gr·ow. Our model should be marginally stable to such an m = 2 mode and 

stable to higher-m ones. 

Flute or interchange modes do not cause concern because the toroidal shift of 

the magnetic surfaces pr·ovides a minimum-average-field. configuration· by concentrating the 

field lines· in regions of favorable curvature. Ballooning modes, in which the 

perturbations are concentrated in regions of unfavorable curvature, will occu~ when the 

field energy necessary to bend the field, IB · 9 t1 2 ~ B2 ~ 2 /R2 is exceeded by the 

curvature term, 2(t · gp)(t · ;) ~ 2 8 B2 ~ 2 /aR 

if 8 < a/2R . which we barely satisfy. 

Thus, they should cause no problem 

Because of the high operating temperature, the current-driven· and the ordinary 

collisional drift modes are probably stable. For our parameters, ·collisional trapped ion 

modes should be unstable. 8 These shoUld be responsible for the generation.of the 

turbulence th~t· is necessary to provide the desired diffusion coefficient. 

Design Plasma Profile 

The results of a one-dimensional numerical calculation of the plasma 

parameters using the "Profiles" code,, described in Appendix B, provide the reactor plasma 
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design profile. The basis of this calculation is the satisfaction of the equilibrium 

condition; that is, at each point in the reactor cross section the rate of deposition of 

energy by the thermafization of the fusion ·produced alpha particles· .. is equal to the rate 

of loss .of energy from all causes. Numerical experimentation with this code leads one to 

the conclusion that the equilibrium reached depends on many param~ters. ·The choice of 

transport coefficients~ the fuel mixture, the effective Z of the plasmj, the density 

source function, and the boundary congitions imposea at the separatrix all influence the 

final equilibrium profile to some extent. We have not attempted to optimize· the 

equilibrium with res~ect to these parameters ~n this study; this is an area of research 

that is still to be explored. Rather, after looking at many equilibria we have relied on 

intuition based on experience, and a necessity to s•tisfy Conditions of compatibility 

·with the reactor system as a whole to guide us in choqsing a '!design'! plasma profile. 

We have a~sumed a constant ~iffuSion ~oefficient and a density source function 

that is constant in r. Under these ~onditions the solution of the one dimensional 

diffusion equation, in -symmetric cylindrical coo.rdinates, subject to ·the boundary 

condition·,· 

is 

n =· 

which we write as 

n(o) / n(a) y, 

( 
a 2s 

(1-y)4d ) 

. . 2 
n = n(o)(l - a(r/a) ). 

(4-6) 

(4-7) 

(4-8) 

!nit ially we presumed that the value of y would be close to· zero· and performed 

the analysis under these conditions. This condition corresponds to having the divertor 

operatfng at 100% efficiency (a particle crossing the separatrix disappears instantly). 

Th.is proved to be' an unrea_lis:tic assumption about the behavior of the divertor '(see 

Chapter 6), and consequently it became necessary to use larger values of y. For fixed 

transport properties and source strength this variation strongly affects the structure of 

the temperature profile. A small value of Y implies a steep density gradient and rapid 

convective energy transfer. As a result, differences in temperature are smoothed and a ·,:.- ! 

"flattish" temp~rature. profile results. If a larger y value is assumed, the density 

profile is filled in, and the convective mechanism of energy transport is much weaker. 

Under these circumstances strong temperature gradients occur, and the energy is carried 

by conduction. 
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The second boundary condition specified at the separatrix is the ion 

temperature. Once again the behavior .of the plasma in the scrapeoff region and divertor 

proved our initial conception to be.false. We began by assuming a high temperature at 

the boundary. Strong conduction parallel to the field then implied that the plasma 

temperature near the walls in the divertor. was excessively high. The divertor required 

that a lower boundary temperature be sought. We found that equilibria having low 

bou~dary temperatures could be generated and chose one such equilibrium for our design 

solution. It is inter~sting to note that for boundary temperatu.res below 1 keV the 

region over which the' effect of the boundary is felt is very narrow: a very steep 

temperature gradient: develops in a "boundary layer" at the separatrix. The effects of 

this steep gradient and the detailed behavior of the plasma in this boundary layer are 

not well under~tood and will 'require further study. 

The equilibrium temperature is strongly influenced by the effective Z of the 

plasma. We have represented this effect by the addition of a small fraction (4.8%) of 

argon atoms to the fuel mixture. The desirability of having Z~ 1 comes from the 

requirement that we operate at an equilibrium point. Fig. 4.3 shows that for a given Z 

two equi·libr:i.11. occur, one at low temperature and one at high temperature. The condition 

for such· an equilibria to be sta,ble to small perturbations in T is that 

___E_(dT/dt) > 0 
dT (4-9) 

consequently, only the high temperature intersection can be used. It has been suggested 

that one might operate at an unstable equilibrium point utilizing some unspecified 

feedback control. As the stability of these equilibria. have not been. studied in detail 

and a physical ciechanism for stabilizing them is nqt yet known, we do not consider this 

possibility. In a pressure limited system such as the tokamak, high temperature implies 

2 . low density and low power density (due to then effect in Pa) - this is uneconomical. 

By increasing Z we are able to lower the operating t~mperature (see Fig. 4.3) and make 

better use of the magnetic field that is obtained at great cost. 

The same effect can be obtained by changing the ratio of deuterium to tritium 

in the fuel. This, h'owever, also changes the neutron production rate. Consequently., the 

choice of an optimu~ fuel mixture is a q~estion of some subtlety. For the purpose of 
I 

this report we have elected to use a 50:50 fuel mix and to vary the argon content as 

required. This is not necessarily the optimum combination. 
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In exploring various equilibrium solutions the first requirement that had to 

be met was a fixed total thermal power production. Next, it was necessary to set the 

boundary conditions required for compatibility with successful divertor operation. 

Finally, and most important, it was necessary to generate a plasma profile that did not 

present a gross departure from realistic plasma physics. Specifical~y, we were concerned 

with the average value of Be and the maximum values of B and t; r/r (the toroidally 

induced shift of the flux surfaces). 

Figures 4.4 and 4.5 give the temperature and. density profiles of the several 

species present in the plasma. The resulting pressure profile in units of the magnetic 

energy (zi.e.,B ) is given in Fig. 4.6. The peak value, which occurs on the axis, is 

13% and the average value is 4%. The average value of Be is 1.S:J; as this value is 

equal to the square root of the aspect ratio to within 2% we believe it to be credible. 

Our calculations yiP.ld large values of t; r/r. The need for investigations 

based on toroidal models in which the M.H.D. equilibrium problem is explored for pressure 

profiles characteristic of reactors of economic size is brou~ht out.by this result - the 

model used here is cylindrical and considers the transport equatiohs only. Finally we 

have calculated the value of the safety factor, q, {Fig. ~.7) and are confident that 

gross stability is obtainable with thfs profile •. 

E~uilibrium Condition 

The caiculation that is performed by the profiles code is based on thermal 

equilibrium. This condition has also been called the ignition condition in the 

literature. This is somewhat of a misnomer, and we have chosen Lo use the more 

explanatory term. Derivations of this condition are usually based on a point model that 

may also be considered to be a global statement about the entire· pla.sma volume. In this 

analysis the equilibrium condition is met locally as well as globally. This has produced 

several results that are not apparent in a global analysis. 

A substautial fraction of the volume of the plasma i1:; uot in equilibrium in 

the classical sense. (See Fig. 4.8.) rhe alpha energy produced in thes~ shells 

(r> 215 cm) is not sufficient to balance the radiation losses. Maintaintance of the 

equilibrium in these shP.lls depends on the transport of energy from the interior by 

conduction and diffusive convection. A question of some interest then is "what is the 

most efficient utilization of the plasma volume?'' A large volume of plasma might be kept 

in equilibrium at peak power prodtiction (T z 14 keV, the peak of the <ov>/T
2 

curve) by 

relying on this transport phenomenon. Another aspect of this problem is the existence of 
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oscillatory solutions in which regions of the plasma profile have alternately increasing 

and decreasing temperature as a function of time. The nature of this oscillation has not 

been studied nor has the behavior of the design equilibrium under various perturbations. 

The stability of any reactor operating state and its control is obviously of some 

importance. 

Other Possibilities 

One feature of this model .that is parti~ula~ly disturbing is the necessity to 
. . I . 

add arg.on to increase the bremsstrahlung radiation ·and thus prevent the electrons from 

getting too hot. 0th~~ possibie solutions include absorption of some of the synchrotron 

radiation through controllable apertures and variation of the fuel composition. The 

occurrence of more rapi4 transport losses would also ~lter the scope and nature of this 

problem. It has been shown9 that if trapped-ion mode scaling were assumed, in which 

nT· decreases as T 712 the Z = 1 stable equilibrium point would occur at 18 keV. This 
e ' 

would eliminate the· necessity for the argon additive. 

An.alternative solution that should be pursued in a °future study would be to 

interr.upt the. duty cycl.e. at frequent intervals to avoid both this ·problem and that 

associated with too long confinement of the alphas. This would have the added advantage 

that one could hope to utilize the full neoclassical diffusion (the trapped p~rticle 

instabilities 'should be damped for somewhat more dense plasmas). It should pTovide 

. . 
alternatives to some of the divertor and injection problems.discussed in Chapters 6 and 7. 
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Chapter 5 

The Operating Cycle 

S. L. Gralnick 

Introduction 

This chapter treats the operating cycle of the Princeton Reference Design 

Fusion Reactor ... We have chosen a design based on a long pulse tokamak - the pulse length 

is much longer than the residence time of the particles in the system... Consequently, 

fuel injection is provided, (see Chapter 7), and a divertor. is used to remove the 

reac~ion products (alpha particles) and unburnt fuel (see Chapter 6). In this manner, 

the plasma parameters are maintained constant during the extended pulse. The plasma is 

not a perfect conductor - it is resistive, and the line integral of the electric field 
I 

around the t6rus does not vanish. A continuous change of magnetic flux must be provided 

in the reactor core to preserve the equilibrium configurat~on. The m~ximum pulse len~th 

is determined by this process. As the flux increases in the reacto~ core, l the magnetic 

field -strength at the superconducting coils increases until .. the quenching field is 

approached. At this point, the pulse must be terminated. A particular reactor. d~sign 

then has. a. volt-sec .rating of available flux which determines the maximum burning pulse. 

length and the frequency of shutdown. and reignition procedures. 

T~e operatin~ cycle of· this design employs a 100 minute burning pulse and a 

current shutdown and reignition procedure that occupies le.ss than 3 minutes. This 

provides a duty factor,. defined as the ratio of the time during· wh.ich pnwP.r :i.s produced 

to the total time of 97%. During the "downtime" the electrical load on the station is 

· ~atisfied by withdiawing thermal energy from the molten salt (flibe) in the reactor 

·blanket and storage areas, and consequently electrical power is delivered without 

interruption or load shedding. In this sense this design is a steady state.power 

reactor. 

The plasma parameters during the extended.pulse are determined by the PROFILES. 

code (see Appendix B) which is based on a one-dimensional, cy~inrlrical, steady state 

model. Spatial averages of the plasma density and temperature are the stationary points 

at the beginning and end of the current interruption period that are treated here by a· 

zero dimensional, time dependent analysis. The time history of the average plasma 

parameters, (density and temperatu~e), and th~ discharge current is fciund. 

The procedures that have been chosen to shut down and reignite the dis~h~r~e 

are based to a considerable extent-on a set of assumptions that we have made regarding 

40 
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the availability of re~uired technoiogies. The analysis then in some areas is particular 

to this design. However, the several phases of the operating cycle that will be 

described are characteristic of all tokamak type fusion reactor concepts. 

The organization of this chapter is parallel to the evolution of the discharge 

from ignition, through the ~urning pulse and finally to the shutdown procedures that 

close the cycle. 

1-5 problem. 

Ignition 

There is to be found extant today an extensive literature 

Our analysis differs from this work in its more detailed 

on the ignition 

accounting of the 

physical constraints 

extent by the costs 

illustrated in Fig. 5.1 

imposed by ancillary reactor components and to a somewhat lesser 

associated with different approaches. The latter point is well 

which gives the extrapolated cost of a motor-generator set 

designed to be used as an ohmic heating power supply during ignition. At power levels in 

the one to five hundred megawatt range the cost of this power supply is likely to be 

under $15 x 106 . More importantly it represents a small fraction, less than five 

percent, of the total design cost. Consideration of this level of cost in the face of 

the yet unknown plasma physics would be fatuous. However, what happens if the desired 

power is increased by a factor of ten? Cost is now a real consideration; and, in fact, 

cost should in this case influence the direction of research so that a realizable system 

is conceived and developed. 

Several terms used in our discussion must be defined here for clarity. In 

particular, we wish to differentiate between what we will call n-squared ignition, which 

is achieved when the thermalized portion of the alpha power is equal to the sum of all of 

the losses that are proportional to the square of the density, and true ignition, which 

is achieved when the thermalized alpha power is equal to the sum of all of the losses. 

Unless very optimistic assumptions are made about energy confinement times in the 

tokamak, it is not possible to achieve true ignition by ohmic heating alone. However, by 

operating at red~ced densities, we find that in a sufficiently large device ohmic 

heating is sufficient to reach the n-squared ignition point. Once the n-squared ignition 

temperature is reached, fuel injection can be used to achieve both higher density and 

temperature until finally true ignition is obtained. 

During the ohmic heating phase of the ignition procedure, the inductive energy 

of the discharge is transferred from an auxiliary storage device, (the flywheel of a 

motor generator set), to the plasma. This is accomplished by applyi~g a voltage to the 

# 
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appropriate vertical field coils, and the resulting change of flux in the core of the 

machine induces the discharge current in the plasma. Simultaneously, the vertical field 

is increased to provide the necessary equilibrium force. The large discharge current, 

14.6 MA, implies that the inductively stored energy of the plasma is 

2.5 x 103 MJbule. (5.1) 

As we have assumed that the power available for ignition is not to exceed 500 MW, and 

that the rate of change of magnetic field at the superconductor is not to exceed 10 

kG/sec., a minimum current buildup time of 10 sec will be necessary (assuming 50% 

efficiency of inductive coupling). The ignition procedure presented here is intended to 

take advantage of this extended current initiation period. 

The total time required to achieve true ignition will depend on the neutral 

injection power available as shown in Fig. 5.2. The minimum power is the cold fuel 

requirement, the power necessary to .inject cold fuel pellets, while increased power gives 

a shorter total ignition period. We see from the figure that an ignition system based 

solely on ohmi~ heating (i.e., cold injection) requires an excessive amount of time and 

that shorter time period~ £or achieving ignition are possible at the expense of a larger 

injection power requirement. 

The Ignition Model 

Our analys~s of the evolu_tion of the plasma parameters. is zero dimensional and 

time dependent between stationary equilibrium points given by the operating state and an 

initial state. We consider: the time development of the discharge current, governed by 

dI 
- L -2. 

dt 

~ 

( 5, 2) 

where Ip is the total dh;c..:lrn.:cge current in umperes. R is thP.· p] aRma resistance once 

around the torus in ohms. L is the self inductance of the discharge in henries and ~ is 

the rate of change in the magnetic flux linking the discharge due to external sources in 

volts. 

The plasma density varies according to: 

dN 
dt s - ( 5. 3) 
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where N is the total number of deuterium and tritium ions in the system. S is the feed 

rate in ions per second and T is the average ion confinement time in seconds. The 
p 

plasma temperature varies according to: 

nk ~~ = ( I~R + p(l - p) n
2

<ov>Ea. )-[ S6U + nT(~~c+T::c)] 
( 5 .. 4) 

(1 
-32 2 1/2 20 Nm

3B3T 26 2 ) - .69 x 10 fb(Z)n T ,+ 1.64 x 10- ~ a + 3 x 10- n fL(Z)0(T) 

3 where n is the plasma density in particles per cm ,p is the tritium fraction, <av> is the 

Maxwellian average fusion reactivity integral in 3 cm /sec, B is the magnetic field in 

gauss, a is the minor radius, m is the mode number of the highest frequency harmonic 

contributing to the synchrotron radiation, a is an effective wall CLbsorptivity and 

'ic and Tee are the ion and electron conduction energy confinement times. The functions 

fb(z) and fL(z) enhance the bremsst.r;:i.hlung and line radiation losses due to higher 

z ions; 

:E Z. nj L z~ 
n. 

fb(?) __J_ ( 5. 5) 
j J n j J n 

L n . L n. 
fL(Z) z. __J_ __J_ ( 5. 6) 

j· J n 
jf l n 

Lhe summations being over ionic i;;pP.cies. The function 0(T) gives the temperature 

dependence of the· line radiation. ·
6 

We consider only the impurity lines and assume 

0 =· 1 T < 100 eV 

( 5. 7) 

0 0 T > 100 eV 

au is the difference between the thermal plasma energy and the injected energy per 

particle. Eqs. 5.2, 5.3, and 5.4 are solved numerically from an initial point of given 

density, temperature, and currP.nt. 

n-Squared Ignition 

The maximum temperature attainable by ohmic heating during the current buildup 

is a function of the initial filline prP.ssure and the equivalent impurity content. 
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Figure 5.3 demonstrates the result for several equivalent oxygen fractions; at 

sufficiently low density the maximur;i temperature is in excess o.f the n-squared ignitioµ 

temperature and is determined by a balance of ohmic heating power. aµd synchrotron 

radiation power. (This is also known as synchrotron· cutoff). 7 At slightly higher 

densities n-squared ignition can not be reached. The ohmic power in this case is 

consumed by then-squared losses.· ,Finally, an extreme example of this occurs when 

insufficient power is available to overcome the impurity radiation. Optimum use then is 

made of the current. buildup period by starting at low filling pressures 

(P < 2 x 10-5 torr) which enables us to reach n-squared ignition. g-
Low initial filling pressures are particularly necessary in the early phases 

of the discharge. A large minor plasma radius is necessary, and limit~tions on our 

ability to drive .the primary windings will not allow for the generation of 'e~t greatly 

in excess of what is ava.ilable with current technology. As a result the current density 

that can be passed through the cross section is limited - in the early stages of the 

discharge it is extremely limited. (At full current the reactor current density is just 

slightly greater than the uncompressed ATC plasma and much less than that in the 

compressed 8 state). Line radiation, especially that from impurity ions, which will not 

.be fully stripped until high temperatur.es are reached, is then the limiting consideration 

if the density is allowed to increase (see Fig. 5.3). In treating the line radiation for 

ignition design we have considered tqe contribution of a·one percent oxygen equivalent 

impurity. We also assume that the divertor is effective 'in elimina.ttng all higher 

Z impurities -originating at the walls and in preventing recirculation. The oxygen 

impurity is used as. an equivalent .for all of the several impurity species present. It is 

counted in the bremsstrahlung calculation as fully stripped (an overestimate at low 

temperatures), and the stl:'ength of the line radiation is maintained until a temperature 

of 100 eV is reached. The nature of the effect is clear - low density is required to 

overcome the '.'lamp effect". The exact numerical evaluation, however, is not of high 

accuracy. 

The current buildup phase is summarized· in Figs. 5.4, 5.5, and 5.6, which give 

the plasma ·parameters, the power balance and the driving emf. The initial conditions are 

N = 10 21 particles (n = 4.6 x 1011 ), T = 10 eV and i = O. The applied emf is initially 

high, 200 volts, in order to break out of the line radiation regime.rThis requires 66.8 

msec. Subsequently the driving voltage is reduced, and·the full current.is built up in 

13.2& sec. During ~his phase any increase in the plasma density will result in a 

reduction in the t'emperature (T.'.:_ n 2 - ignition). Consequently, no fuel supply is provided, 
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and the reactor will "bleed", thinning the density to n = 4. 5 x 1011 . It has been 

assumed that the particles are lost at a rate ten times as fast as pseudoclassical but 

not faster than that given by the profiles code diffusion coefficent, D ~ 3400 cm2/sec. 

' The effective diffusion coefficient is shown in Fig. 5.7. 

Density Buildup and True Ignition 

Once the n-squar~d ignition point has been reached, it is possible to inject 

fuel to increase the density to the higher values necessary for reactor operation. The 

fuel feed rate cannot be arbitrarily selected as there is a loss term in Eq. 5.4 which is 

proportionate to the feed :ril.te, S. Too large a feed rate will result in a quenching 

action. This effect is particularly important at the temperatures characteristic of 

n-squared ignition, four to five keV; <av> changes rapidly with temperature here, and 

small decreases in T will result in the loss of n-squared ignition. 

The implication of the reduced value of S is that t.he fueling phase will 

' occupy a substantial length ·of time. This time period may be reduced by injecting the 

fuel at energies equal to or larger than the thermal energy of the plasma. Fig. 5.8 

gives the time needed to reach the operating density as a function of the injection 

energy of the incoming fuel. 

While the reactor density is being increased, the temperature experiences a 

platea~ during which essentially all of the excess input energy is absorbed in the 

incoming fuel followed by a fairly rapid rise as the alpha source is increased. The 

duration of the plateau and the temperature achieved when the operating density is 

reached depend on ~the injection, energy as can be seen in Fig. 5.9. If the operating 

density is reached prior to a sufficiently high temperature, as is the case with cold 

fuel injection, the fuel feed is reduced to its equilibrium value (N = constant) and the 

temperature is allowed to rise to its equilibrium value. When the equilibrium value of 

T is reached the fuel composition is adjusted (argon is added) to provide thermal 

stability. 

The approach to true ignition is characterized by· an increase in th.e dominance 

of the alpha power term over the ohmic heating power and of the n-squared dependent 

losses over the synchrotron loss. Fig. 5.10 gives the following puwe.r- ratios; 
. 2 

Pa./P
0

, Pn /P0 , Pa/PL where Pa. is the alpha power, P
0 

is the ohoic heating power, and the 

loss terms are the n-squared losses, the synchrotron losses and the total losses. 
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The Extended Pulse Tokamak Discharge· 

The ignition procedures des.cribed here produce a reacting plasma characterized 

by a plasma current of ·14.6 MA, an average temperature of 30 keV and an average fuel ion 

density of 5 x 10
13 cm- 3 The fuel injection rate and fuel composition· are chosen to 

insure that a stable equilibrium operating point is maintained (temperature and density 

constant in time), Resistive effects, however, result in a non-vanishing line .integr~l 

of the electric fiel4 around the torus, 

J~. d.Q, 

The current will decay in time according to the solution of 

- L d!p 
dt 

(5.8) 

(5.9) 

and consequently' in the absence of a change in flux linking the plasma due to 'currents 

in external circuits, the plasma current would decay with a characteristic time constant 

L 
T = a 230.2 min (5.10) 

Our approach calls for extending ·the pulse for as long as possible by ~roducing a 

compensating flux change in the central core of the reactor through the use of the 

cont.rol" field coil system. This set of coils. is designed to produce flux in the central 
I 

core of· the reactor but not in the volume occupied by the plasma; consequently, it does 

not alter the vertical field required for equilibrium. The compensating emf is given by 
I 

I 

cp 
c - CI R 

p 
(5.11) 
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where R is the plasma resistance in ohms,· a_nd C is the compensation factor. C is a 

constant having values between 0 and 1 - C = O is an uncompensated system and C 1 is a 

fully compensated system: The effective time constant of the discharge is then 

L 
( 5 .12) R(l-C) 

Two factors will now limit the length of the burning pulse, the maximum allowable flux in 

the reactor core consistent with superconducting technology and the maximum tolerable 

percentage decrease in the plasma current. Optimal design will occur when C is chosen 

Ru~h that both of these conditions occur simultaneously. The current and control flux 

are given by the solution of Eqs. 5.9 and 5.11 

4> max [ 1 - exp ( 
H(l-C) 

L 

( 5. 13) 

(5.14) 

(The control flux is changed from a positive maximum value to a negative minimum value 

during the pulse). The two co~ditions to be satisfied are 

I 

~ 

and 

Solving for C we find 

c 

as was notP.d P.arlier. 

<I> max ff 

T] < 1 

<Ji max 

1 

B -max 

+ 1. 

dA -core_, 

( 5 .15) 

(5,16) 

(5.17) 

(5.18) 
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and for a fixed core area ~max 

of the magnets. 

depends on the maximum allowable field in the vicinity 

The determination of n is somewhat less certain. As the current decays, 

~ill increase (assuming constant pressure), and the discharge as a whole will 

shift. The vertical field required for equilibrium is given by9 

SRMAJ. 
a - 1. 25 + Be ) (5.19) 

and as the current decreases the discharge will move to a major radius where equilibrium 

can be maintained. Assuming that the variation of the logarithmic term is small we write 

R eq. 

and assuming constant applied B 
v 

and flux conservation 

where 

we have 

Dividing by 

oR eq. 

denotes differentiation with 

Be 
1 
R 

R and collecting terms, 

oR 
~ 

R eq. 

+ 

respect to Ip-

Be 
RP 

a: 

~ p 

dR 
Be 

2Be 
dI - -I-

p p 

or k - Be ___£ 
I k p 

(5.20) 

(5.21) 

Since 

(5.32) 

(5.23) 

( 5 .24) 
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This demonstrates that the restoring force due to the interaction of the plasma current 

and the vertical field balanc·es two fo.rces, that due to the plasma pressure and that due 

to the magnetic stress of the discharge. For Be larger than k the pressure force 

dominates, and a reduction in the restoring force causes the discharge to move outward. 

Ori the other hand, as I diminishes, the magnetic stress diminishes as well as the 
p 

restoring force. It, in fact, decays as I 2 . 
p 

If it is the dominant force trying to 

expand the· discharge, (k > Be), a reduction of IP causes contraction. By designing fo~ 

Be ~ k, reduction of the shift of the d\scharge is brought about by a cancellation of the 

two effects. For our design k is very nearly equal to 2 and a Be of 1.83 is used. 

Consequently, 

.085 . (5.2G) 

The maximum allowable motion of the plasma. will be taken as one percent of the major 

radius or 10.5 cm. This is an arbitrary figure; it is based to some extent on erosion 

problems iu the aren. of the entrance to the divertor, but is in reality only a guess at 

what is plausible. Eq. 5.'23 then gives 

oIP 
I . 

p 

This estimate is based on the initial Be· 

.118 (5.26) 

During a 10% decrease in the current Be will 

increase to 2.26, which does not violate the condition Be < R/a and aids in reducing the 

motion of the discharge. Solving for C we find 

c .82 

The maximum cycle time (pulse length) is given by 

and we find 

R-n(n) 

L max 

R(l-C) t 
L 

lGO min 

( 5. 27) 

( 5. 28) 

(5.29) 
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When the pulse duration limit is reached, the discharge must be termi_nated and theri 

reinitiated. 

Curr.ent Termination Procedure 

The problems associated with discontin~ing the tokamak discharge are to some 

extent the inverse. of .those encountered during ignition. The internal energy of the 

discha~ge and the stored magnetic energy of the discharge, vertical field and-control 

field are 

2nkTV 960 MJoule (5.30) 

and 

u m 7250 MJoule. (5.31) 

About 5000 MJ of the magnetic energy is in the discharge field and vertical field and 

must ·be transferred to auxiliary st6rage or dissipated. The remainder of the field 

energy .is in. the contro.l field. anc::l will reside there until the next ignition. Our choice 

of power handling _capacity. ( < 500 MW), based largely on economics, requires a shutdown 

period of at least 10 sec. In light of the large amount of energy stored in the system, 

it is particularly important that equilibrium be maintained during the shutdown. Failure 

to do this would result in the rapid tran_sfer of a large portion of this energy to the 

radiation shield wall, and it is likely that the surface temperature would be raised to 

above the melting point. Although the erosion that would result from a single occurrence 

of this kind is not excessive, it could not be tolerated at the ena of each pulse. The 

etjuilibrium configuration can be maintained at a fixed minor and major radius by 

requiring that s
8 

be constant and that the ratio of the vertical field to the plasma 

current be held fixed. 

The principal shutdown mechanism is to reduce the plasma pressure while the 

currents are controlled to maintain the equilibrium. Shutdown is initiated by 

withdrawing the tritium fraction from the fuel feed while maintaining the total feed rate 
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constant (i.e., the tritium is replaced by deuterium). The density.of each of the ion 

species is assumed to follow 

dn 
dt + = s (5.32) 

where S is the source function for the species in question whose density is n and whose 

confinement time is T. We assume that S is a constant of discontinuous value at a finite 

number of points and T is a constant given by 

(5.33) 

where a is the minor radius and D the reactor diffusion coefficient. The solution of Eq. 

5.32 is 

-t 
n = 1 e T 

where n
0 

is the den:::;ity at the beginning of the time period. 

The purpose of removing the tritium from the fuel is to eliminate the source 

of alpha particles. About 25% of the energy deposited in the plasma by these particles 

is used in thermalizing cold fuel. Consequently, a "quench" point is reached when the 

alpha source function decays to 25% of its initial value. The alpha particle source 

.function depends o.n the product of the deuterium and tritj.um. densities, assuming that 

large variations in T d.o not occur. 

( 5. 34) 

Here n 0 is taken to be the initial tritiul]l density and a 50/50 fuel balance is assumed. 

ThP. alpha source is reduced to 25% of its original value when 

-t -2t 
2e T - e T .25 (5.~5) 
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-t/T 
This is a quadratic equation in. e that is solved for·the quenching period duration; 

we find 

t 2T (5.36) 

During this time, as the alpha source has weakened the temperature has fallen, due to 

radiation losses, and this result~ in quenching occuring actu~ll~ earlier than 2~ , which 
p 

is a conservative· estimate. We continue to withdraw energy from the plasma now by 

radiation. Our model of· the shutdown procedure is to begin at the quench point by 

withdrawing the argon fraction from the feed (total ion feed conserved). This reduces 

the radiation load on the system, allowing sufficient time to handle comfortably the 

magnetic energy, and also begins the preparation of the system for the next ignition 

period during which a very low argon fraction .is necessary ( 1% 0 is equivalent to 

O. 09% Ar). Several al ternat i.ve approaches are possible at this point. One is to 

maintain the full ion feed ~ate until equilibrium is lost. This will set a gas d~nsity 

. 13 
of 5 x 10 (deuterium) and place the maximum burden on pumping to provide proper 

conditions for ignition. (Pumping will have to reduce this density by two order§ of 

magnitude, and this would take at least 30 sec.) Altern~tively, we can cut the fuel feed 

off prior to losing. the plasma and end up with a somewhat lower density but higher argon 

fr.action. Fig. 5.11 gives the reactor density.and argon fract.ion at shutdown as a 

function of the feed termination time. While Fig. 5.12 summarizes the reactor.parameters 

during the shutdown period. F:i:-om the condition that 13 0 be constant we have calculated 

the rate of flux.change needed to withdraw the plasma current and tested that ·maximum 

power requirements are not violated. The required driving voltage and current are shown 

in Fig. 5.13. 

When a plasma temperature of a· few'hundred volts is reactied, .line radiation 

losses will begin to dominate the energy balance, and a rapid loss of the plasma is to be 

expected. By choosing the operating procedure to provide ·the lowest density at this 

point, the amount of energy deposited in the wall can be minimized, and by using the 

maximum possible voltage at this point, it is possible to withdraw a sizable portion of 

the magnetic energy still remaining in the system. 

The Equilibrium Problem During Ignition 

In the course of the ignition phases of the system operation, s
8 

varies from 

essentially zero to its full operating value. Thi~ poses a somewhat difficult 
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equilibrium problem. Consider a symmetric distribution of current in a cylindrical 

plasma of minor radius, ~. located at R (See Fig. 5.14.) A vertical field of the form 

shown in the figure is assumed; · it is characterized by an average higher .field strength 

at small radius. A field null is assumed to exist at xn(measured from the symmetry axis 

of the current distribution). The flux passing through they axis at·some point, x, is 

given by 

<I>x 

and at x a, 

cpa = /a B dx 0 y 
'-x n 

Using B·* for the contribution to B we find: v y 

2! R.n (ran)' * B (r + a) p v n 

But the location of the field null point is determined by 

Consequently: 

. R.n Can) 

B t 
v 

* B v 
Br. 

v 

We also know that the equilibrium vertical field is given by 

* B v 
I 
R 

( i,n (8aR) 

(5.37) 

(5.38) 

(5.39) 

(5.40)' 

(5.41) 

(5.42) 
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Our problem is to preserve the magnetic limiter as best we can. No physical 

limiter is provided since serious erosion problems would arise. R, the major radius, 

must be kept fairly well fixed. This means that at small currents and small 88 a low 

equilibrium field is· required. However, if this field were uniform in space, the 

distance to the null point would place the field null outside of the machine, which 

implie~ too large a minor radius. We overcome this by producing a non-uniform verti~al 

field. The higher value of nt ensures that the null occurs within the machine, and the 

increased flux strength in the core aids in the ohmic heating. By providing a 

sufficiently steep gradient in the· vertical field, both the location of the vertical 

field null point and the major radius may b~ maintained fairly constint. 

Operatin~ ~rocedures fbr the Princetori Reference Design Model 

The prbcedtires.presented here are particular to our design and its technology. 

The purpose of this exercise is twofold: first to illustrate the ideas presented in the 

earlier portions of this chapter and to ~rovide a plausible scheme for the.operation of 

this design model. · 

The maximum tota:i magnetic and internal energy of this system (excluding the 

toroidal field .energjj i$ 

u 1 
2 LL 8210 MJoule. (5.43) 

i j 

Approximately 60% of this energy must be delivered to the system during ignition. The 

remaining 40% is already resident ·in the coil system~. 

The total cycle can be thought of as consisting of the following four distinct 

phases: 

n-squared ignition phase 

II. Pressure buildup phase 

III .. Fusion Burn phase 

IV. Shutdown phase. 

The control function during each of these phases is best characterized. by the 

rate of change of flux produced by the external coil systems linking the discharge. Fig. 

5.15 is .a schematic diagram illustrating the role of ~he vertical coil system ~nd control 
\ ~ 
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Fig. 5.15 Schematic of vertical field 

flux and control flux during I-current ignition 
(n2-ignition), II-pressure buildup, III-burn 
phase, and IV-shutdown. 
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coil system in each of these phases. In phase I, the n-squared igriition phase, the 

plasma current is brought to its operational value of 14.6 MA while Be~ O. This is 

accomplished by increasing the vertical field flux linking the plasma. The IR qrop of 

the plasma will be fully compensated and consequently, the load on the vertical field 

coil system is·purely inductive. In phase II the pressure, and with it Be, will increase 

to their operating values. Because of this the vertical field must increase to provide 

equilibrium at a higher pressure. The resulting increase in vertical field flux is 

compensated by the control field windings keeping the current constant. Phase III, the 

burning phas.e , .. is characterized by no change in the vertical field flux and 82% 

compensation of the resistive loss. Finally, during sh~tdown the vertical ~ield flux is 

withdrawn, and the control field flux is set to its preignition value. 

Discussion 

Reactor ignition requires limited losses arid maximum input power. Reactor 

operation requires enhanced lo~ses ~nd re~tricted input power. These statements pose the 

principal problem of the operating cycle of a long pulse fusion reactor - conditions 

that are desirable during operation cannot be tolerated during ignition. 
/ 

Under reactor conditions, alpha particles resulting from fusion reactions will 
10,11 

. be the'rmalized in several seconds. Consequently, any system calling for a pulse 

length of some tens of seconds or longer must consider the temperature stability of the 

chosen operating point. One finds that the low temperature. intersection of the alpha 

power source curve. with the. total lo:ss curve is. unstable. A stable interset;tion occurs. 

at high temperatures. For a 50:50 DT plasma and no impurities this point lies in excess 

of 100 keV. This temperature is uneconomical in a pressure-limited system. By enhancing 

the losses (addition of ~5% argon to fuel) we are able to reduce this equilibrium point 

to a more economical temperature (T ~ 30 keV). We consider the argon additive as a 

representative means to an end, the enhancement of the radiation loss. As the presence 

of impurity ions is undesirable during ignition, an alternative mechanism should be 

found. 

The wide range of operating states encountered forces us to ~onsider an 

equally wi.de range of plasma energy and particle loss rates. Fig. 5.16, after Furth and 

Rutherford~2 displays the several regimes of plasma confinement. Superimposed on it 

(heavy line) is the current trajectory of the discharge as a function of temperature and 

_the assumed plasma confinement (broken line). We see from the diagram the several 

regimes of plasma behavior that we expect to encounter. Once again the needs of the 
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ignition period (long confinement time) are not the same as those of the operating state. 

It is likely that we will need to develop methods of "spoiling" the good confinement 

predicted by theory during the burning phase of the operation. 

The purpose of operating at low density during the current buildup phase is to 

maximize the amount of energy per particle deposited in the plasma. In this way 

n-squared ignition is achieved, and the maximum advantage may be made of alpha particle 

energy in 

not based 

achieving true ignition. 

on the desire to reach 

The time scale of the current buildup, however, is 

n-squared ignition the load on the system is 

overwhelmingly inductive. Our estimate of an economic size of power supply has set the 

time scale. It has also been basic to our decision in favor of a long pulse design. A 

shorter pulse length will require either larger power requirements, a degraded duty 

factor or intermittent operation. Each of these alternatives causes increased cost. The 

possible advantage of the short pulse design is to eliminate the need for a divertor and 

fueling. Tb.is, however, would require reducing the pulse length to not much longer than 

the particle confinement time, and it would seem that the increased power cost. would far 

exceed the savings realized in eliminating the divertor and fuel injectors. 
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Chapter 6 

The Divertor and Vacuum System 

F. H. Tenney and G. Lewin 

Magnetic Characteristics of the Poloidal Divertor 

Magnetic Top.ography 

The magnetic field of the reference reactor is composed of a toroidal field 

and a poloidal field. These fi.elds are axisymmetric and result from current flow in a 

set of suitable coils .and in the plasma. The poloidal field that passes near the 

discharge is indicated in Fig. n.l. It is characterized by two types of field lines: 

typ~ A, confined to the volume of the discharge, and type B which extends from near 

the discharge to regions· far from the discharge. The field line separating the regions 

of these two types of poloidal field lines is called the separatrix line. The separatrix 

line contains a null point of the poloidal field. The shape of the separatrix line 

surrounding the discharge volume was designed to approximate a circle of given minor 

radius located at a given major radius. 

The total magnetic field of the reference reactor is obtained by adding the 

toroidal field to the poloidal . field. The resulting field lines lie on surfaces of 

revolution about the axis of symmetry generated by the .poloidal field lines. The 

magnetic flux defined by surfaces generated by type B poloidal field lines is the· 

"diverted flux". The term "divertor" refers to that volume of space, not immediately 

adjacent to the discharge volume, that contains djverted flux. Diverted flux lying close 

to the separatrix surface extends deep into the divertor, as shown in Fig. 6.2, where it 

pacco8 through th<;> v::ir.1111m w::i.11 n.f the exhaust chamber at a major radius of about 13 

meters. The amount of flux that can make such deep penetration into the divertor will be 

referred to as the "scrapeoff" flux and is limited by the material walls of the reference 

reactor, such as at points A and B in Fig. 6.2. Although the spacing between flux 

surfaces is accurately revealed in Fig. 6.2., the actual cross-sectional area of the flux 

thereby contained is not evident. The geometry of the situation is indicated in Fig. 6.3 

from which it can be ded~ced that the total flux, F, between t~o flux surfaces is given 

by 

F (6.1) 
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Here h is the separation of the flux surfaces at a major radius, R,where the poloidal 

magnetic field is BP . The total cross-sectional area, A, through which this flux passes 

is given by 

A F/B (6.2) 

·where B is the total magnetic field~ It is now clear by Eq. 6.1 that the spacing between 

adjacent Hux surfaces will vary inversely with the quantity Bp·R. The corresponding 

cross sectional areas through which the flux passes, however, will simply vary inversely 

with the total field. Since, in the reference reactor, the poloidal field is only a 

small fraction uf the toroidal field, A will vary essentially as the major radius. Thus 

the spacing between the separatrix and the outer limiting flux surface of the s~rapeoff 

flux falls from a nominal dimension of 37.5 cm in the divertor channel to 3.7 cm at the 

outer part of the discharge volume (point C in Fig. 6.2.); whereas the cross-sectional 

area. of the flux between 
2 

these surfaces increases from about 2500 cm to about 7500 

cm 2 as B falls from some 130 kilogauss to about 45 kilogauss at point C. Adding the 

:flux on both sides of the separatrix and summing over both the top and bottom of the 

reference reactor, the entire scrapeoff flux has a 

1011 cm 2 in the divertor channel. 

cross-sectional area of about 

The length of the field lines in passing from near the discharge volume to the 

exhaust chamber varies for. each flux surface. In fact, the field line passing through 

the poloidal field null point on the separatrix closes on itself. However, the real 

· length of interest is the distance charged particles will travel in passing along the 

scrapeoff flux. A 50 eV test deuteron started· on the separatrix at point C in Fig. 6.2 

travels about 7.0 x 10 4 cm to reach point A. The numerals along the separatrix of Fig. 

6.2 indicate the revolutions about the Z axis made by the test particle. It makes °113 

revolutions to reach point A. 

Nf~ar the ::;eparatrix. in the divcrtor channel the :fi P.lci lines make an angle of 

about 1.5 qegrees with the circumferential direction. 

Coil Configuratlu11 a11d Function 

The coil configuration to produce the desired poloidal field of the reference 

reactor is shown in Fig. 6.2. The coils are circular, concentric with the Z axis, and 

occur in pairs equidistant above and below the Z=O plane of symmetry. The small decimal 

near each coil in Fig. 6.2 is the required current relative to the discharge current 
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which is taken as unity. The discharge current is represented by a circular filament 

located on the plane of symmetry at a major radius of about 11.5 meters. This 

representation of the complex distribution of currents throughout the discharge volume is 

judged to produce a reasonably good approximation of the general shape of the separatrix 

surface and the magnetic fields outside the discharge volume. The magnetic fields inside 

the discharge volume due to the discharge current will not be given very well by this 

model, and it. is not used for that purpose. 

The five pairs.of coils that carry current in a negative sense are called the 

vertical field coils. The remaining two pairs of coil.s .are the divertor coils. ·The 

primary function of the vertical field coils is to provide the vertical magnetic field in 

the discharge volume necessary for magnetohydrodynamic ~quilibrium and radial and 

vertical stability of the discharge. This vertical field, together with the poloidal 

field arising from ~he discharge current, locites the null point of the separatrix. The 

general. shape of the s·eparatrix surface in the divertor is determined primarily by the 

large divertor coil just o.utside the exhaust chamber. The flat divertor coil influences 

most strongly the cent~ring of the separatrix surface in the adjacent divertor channel. 

A major advantage of this coil arrangement is that the coils can be plmced 

outside of the neutron. shielding. (See Fig. ~.4.) Furthermore, no coil is immediately 

surrounded by hot plasma. Thus the ·thermal loading on the coils is low e·nough to render 

feasible their being made superconducting. Discussion of the coil construction may be 

found in.Chapter 13. A major disadvantage of this coil arrangement is the threading of 

the toroidal coils. 

For .a given location of. the discharge current, the'. magnetic field 

configuration depends only on ratios of currents. The sensitivity of the separatrix 

surface to,changes in the discharge current is shown i.n Table 6,1 

Discharge 
Current· 

6I I I 1.4% 

10 cm 

6Z 10 cm 

Table 6. i 

Separatrix Surface 
Null Shift. Chanriel Shift 

-6 cm -5 cm 

6 5 

0.25 (in Z) 2.3 

Since the divertor channel ~s 75 cm wide, a radial shift of ·the separatrix of 

15 cm may be tolerable. Thus 2% regulation of the various currents is desirable. 
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Walls and Collector Structure 

As indicated in Fig. 6.2, the material walls are about 50 cm from the nominal 

separatrix surface in the vicinity of the discharge volume . The walls follow the 

limiting flux surfaces through the divertor channel up to the exhaust chamber where they 

suddenly flare away from the scrapeoff flux . As evident in Fig . 6.4, the width of the 

divertor channel affects both the size of the opening through which neutrons may leak 

from the discharge volume and the thickness of neutron shielding adjacent to the toroidal 

field coils . Neutron damage and neutron heating of the superconducting toroidal field 

coils produce a design pressure to maximize the space available for neutron shielding. 

(See Chapters 10 and 13.) On the other hand, reducing the divertor channel width 

increases the delicacy of keeping the separatrix surface centered in the channel and 

increases the plasma interaction with the walls. Scaling up the major radius of the 

reference reactor would provide more shielding space, but would incur an economic 

penalty , associated with the larger size, and possibly a reduction in both aspect ratio 

and current density neither of which is desirable . The difficulties of low current 

density are briefly discussed in Chapter 5 . 

The walls of the divertor channel and exhaust chamber are cooled . The heat 

load will be mainly line radiation from the Ar content of the plasma, but will not exceed 

2 
an average of 20 watts/cm . 

Early thinking provided a collector structure in the exhaust chamber upon 

which the plasma would impinge . Consideration of collector erosion leads to an attempt 

to keep plasma temperature~ at the collectors to less than 10 eV or so . The present 

thought is to arrange for the plasma to undergo deionization just prior to entering the 

exhaust chamber thereby eliminating the necessity for collectors. 

Functions of a Divertor 

The divertor was conceived for steady state devices . 
1 

The original concept was 

to reduce the interaction between the hot plasma of a reactor and the cool ions that 

would exist next to a material wall . In this way it was hoped that the edge temperature 

of the plasma could be elevated and that impurities from the walls would be ionized and 

flow into the divertor before penetrating the hot plasma . 

These results hinge upon the relative ease with which plasma can flow along 

magnetic field lines compared to flowing across magnetic field lines. An ion diffusing 

into the scrapeof £ flux would be expected to travel a long way down the field lines 

toward a collecting surface while diffusing only a short distance across the field. Thus 
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wall bombardment by ions would be reduced and collection of ions at desired regions near 

the vacuum pumps enhanced. Furthermore, neutral particles from the wall would be ionized 

in the scrapeof f plasma and flow to the collecting regions before diffusing across the 

field into the discharge plasma. 

It may be mentioned in passing that a relatively dense blanket of neutral gas 

surrounding the reacting plasma can prevent direct plasma-wall interaction as well.
2 

Pumping· particles from the plasma and impurities from the wall could be accomplished by 

using the gas blanket as a drag stream. However, the edge temperature of the plasma 

would be near the ionization energy. The merits of this approach have not been analyzed 

in this study. We concern ourselves here with the ramifications of the divertor concept. 

Characteristics of Plasma in the Poloidal Field Divertor 

Overview of Scrapeoff Plasma 

The view of the scrapeoff plasma that evolved from this study is that of a 

relatively cold plasma blanket surrounding the reacting plasma at the separatrix and 

extending into the exhaust chamber where it undergoes deionization without direct contact 

with material surfaces. The plasma fills the entire width of the divertor channel and 

flows at considerably subsonic speeds in order to carry the throughput of particles. The 

scrapeoff plasma supports only a few hundred eV temperature difference between the hot 

end at the separatrix surrounding the discharge volume and the cold end in the exhaust· 

chamber that must be at a temperature of about 1 eV to deionize. This temperature 

difference corresponds to over 100 MW of thermal power flowing out of the discharge 

volume. This thermal flow results from imposing a low temperature and moderate density 

boundary condition on the reacting plasma. The scrapeoff plasma must dissipate this 

entire thermal energy flow before deionization can take place. This dissipation is 

accomplished via impurity radiation (by the argon in the plasma) and via interaction with 

neutrals from the walls of the divertor channel and the exhaust chamber. This 

dissipation is sensitive to the density of the scrapeoff plasma, which will vary over two 

12 15 -3 
orders of magnitude from end to end from about 6 x 10 Lo 10 cm . This variation is 

a consequence of the temperature variation together with the assumption of constant 

pressure along the plasma since the flow is subsonic. 

The nominal operating condition for the reactor will result in the scrapeoff 

plasma deionizing just at the entrance to the exhaust chamber. This condition can be 

maintained presumably by control of the composition and injection rate of the fuel. The 

neutral pressure in the exhaust chamber may be effectively decoupled from the plasma flow 
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provided it is less th~n about 1 torr. This decoupling riccurs by virtue of neut~al gas 

leaving the region of dei6nization of the scrapeoff plasma at supersonic speeds. The 

production of supersonic ~eutral gas flow is connected with the pressure produced by the 

diamagnetic currents that flow in the region of deionization. 

This pictur'e of the scrapeoff plasma will be dis'cussed in the sections that 

follow. 

General Aspects 

One of the most uncertain areas of analysis has been the behavior of the 

plasma that flows in the scrapeoff volume. This volume extends from immediately adjacent 

to the discharge volume to deep into the exhaust chamber. The scrapeoff plasma provides 

the boundary condition for the.reacting plasma. It provides both a conduit for the flbw 

of particles to collecting surfaces and a thermally conductive medium for the flow of 

heat· from the-discharge volume. The boundary conditions of the scrapeoff plasma can thus 

have a profound effect on the density and temperature profiles of the reacting plasma. 

Plasma will diffuse across the separatrix · f~om the discharge volume. Once 

across the separatrix the plasma will presumably flow.approximately along field lines 

into the discharge chamb·er where it can be collected on some material ·wall or simply 

deionize to form a flow of neutral ·gas if its temperature is low enough. The key 

question is how well is the plasma collected? 

If the entrance of the exhaust chamber. behaves· like a black hole, that is, a 

perfect absorber for particles, we might expect· the scrapeoff plasma to have a low 

density relative tri the discharge plasma, to be flowirig-at so~ic speeds and support a.· 

high temperature on the separatrix at the discharge volume. The width of the plasma flow 

into the exhaust chamber will be determined by how far a particle will travel across the 

magnetic field lines during a single trip into th~ divert6r. Trapping of plasma in the 

mirror fields of the scrapeoff flux will result in some diffusion across field lines 

before the plasma can leak out of the mirrors and will conttibute t6 the width of the 

plasma flow. 

If the entrance to the_ exhaust chamber only partially absorbs particles, we 

might expect the scrapeoff plasma to have higher densities, lower temperatures and fill 

the enti-re available width of the scrapeoff flux. The width of the plasma flow would be 

limited either by material walls or by the ability of the scrapeoff plasma to transport 

energy transverse to the mainetic flux 

density disttibution of the scrapeoff 

surfaces.· In either case, the temperature and 

plasma will depend on the interaction between the 

plasma.and neutrals from the walls and the exhaust chamber. 
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Pumping Assumptions and Subsonic Flow 

For the Princeton reference reactor the assumption has been made that 

conventional vacuum pumps would b~ used if possible. Hence, the analysis proceeds on the 

assumption of using diffusion or turbo-molecular pumps. Now the entrance of a good 

diffusion pump can have the pumping speed of a black hole of about 1/3 the area of the 

entrance. Thus we say a diffusion pump pumps like 1/3 of a black hole. If a cold trap 

is added to the diffusion. pump, as is usually necessary, the pumping area of the 

combination pumps like 1/6 of a black hole. Ducting further reduces the pumping speed. 

Thus we can take the pumping speed of the exhaust chamber near its entrance to be at most 

something like 1/20 df a black hole. Hence, the directed flow of neutrals down the 

exhaust chamber to.the pumps is very much less than the random flow of neutrals. 

Consequently, if the scrapeoff plasma flows into the exhaust chamber its surface will be 

exposed to a relatively large random flux of neutrals. If the probability for these 

neutrals to be ionized by the plasma is 50 percent, the steady state flow of plasma 

particles into the exhaust chamber can be an order of magnitude larger than the 

throughput. To Ree this, consider a model of the plasma collecting region shown in Fig. 

6.5a. A flux of plasma ions, r., falls on the collector. 
. 1 

A flux of neutralized plasma 

ions, re, leaves the collector and enters the plasma. We consider a steady.state and 

take re= ri • 

A neutral entering the plasma will either be ionized, undergo charge exchange, 

or remain neutral and leave the plasma. If charge exchange takes place, the number of 

ions in the plasma will not be changed. If a slow neutral charge exchanges with a fast 

ion, a fast neutral and a slow ion·result. This produces a loss of energy from the 

plasma ions. On the other hand, if a fa.st neutral undergoes charge exchange with a fast 

ion, in effect no energy is transferred, but the direction of motion of each particle is 

suddenly altered. Thus, a fast neutral will effectively diffuse through the plasma via 

charge exchange events. In so doing, it may undergo ionization. 

Let pl be the probability that a particle of the ri flux becomes ionized 

either before charge exchange or as a neutral after charge exchange, but before it has 

passed through the imaginary surface surrounding the plasma and collector. Let rn be the 

flux of neutrals passing into the plasma through the imaginary surface. Let p have the 
2 

same meaning as p 1 , but in reference to particles of the rn flux. 

Let r be the net inject ion of plasma ions that occurs outside of the 
0 

collection region. r
0 

represents the flow of ions from the discharge volume into the 

scrapeoff plasma and thus represents the throughput of neutral particles that eventually 

pa33C3 through the pumps. 



86 

PLASMA (a) 

-------- SURFACE 

TO 
/PUMPS 

744059 

Fig. 6.5 Particle flax diagrams. 

( b) 

·~ 



I 

In steady state, the flow of ions through the plasma is conserved. Thus, 

r. 
l. 
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(6.3) 

The total flow of neutrals through the imaginary surface from the plasma side is 

Sine~ we have takenri 

We define the "greyness factor", g, by the equation 

r 
0 

re , it follows from Eqs. 6.3 and 6.4 that 

r. 
l. 

r 
0 P2 (1 ; g) ) 

(6.4) 

(6.5) 

We can relate the greyness factor, g, to the
1 

speed of the vacuum pumps by the following 

argument. Consider the closed volume of Fig. 6.5b bourided by a perfectly reflecting 

surface except for two holes of areas A1 and Let area A2 coincide with a pumping 

duct that is characterized by the statement that a fraction, g 2 , of all the particles 

falling on A
2 

from volume V will pass through the pumps. Consider ·a gas being pumped 

through volume V via A1 and A2 . Let n be the density of gas in V. Then if the mdtions 

of the particles in V are essentially random, the flux density of particles striking the 

bounding surface will be nv, where v is an average speed (v/4) of the particles. 

If r is the flux of particles passing through A from outside V, the net. flow of particles 

into V via A In steady state this flow must be equated to the 

particles passing through the pumps. Hence 

(6.6) 

.We now define a "greyness factor", g
1 

, for A
1 

by the relation 

(6.7) 
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It .follows that 

(6.8) 

Thus if ~/ A:2« g2 , then g1 1, and Ai. acts like a "black hole", perfectly absorbing. 

If A1 /A2 o: 1 » g2 , then gl g2 • 

Relating this discussion to the pumping of the exhaust chamber of the 

divertor, we would take g2 <0~05 and associate ~ with the cross section of the exhaust 

chamber· perpendicular to. the radial direction .. The surface area of the scrapeoff plasma 

entering the exhaust chamber would be associated with A_ which would be comparable to ·-i, 

A
2 

Hence we .conclude ·that. g
1

, which we identify with ·the quantity g defined by eq. 

6.4, will about equal g2 If we assume p1 "' 0, what. should we take for p2 ? 

the scr~peoff plasma is expected to have electron densities greater than 10
13 

Since 

-3 
cm 

ele~tron temperatures greater than 10 eV, and be .tens of centimeters thick, we can take 

P 2 "' 0.5. Eq. 6.5 then yields the estimate that the flow of ions into the.exhaust 

chamber will exceed the throughput by an order of magnitude. Such a picture describes 

subsonic flow, which will be adopted for the flow of plasma into the divertor in further 

dis.cussion. 

Plasma Wall Interaction 

The plasma i~teraction with ·the wall will ~epend ~n the magnitude of the 

plasma density at the wall. This· is a v·ery complicated problem. We attempt to get some 

estimate ·of· the flux of plasma to the walls by· means.of the following crude, one 

dimensional model. 

We consider plasma flowing along ma~netic field lines in the. x direction. 

We assu~e .all properties of the plasma to be uniform except for the densit~, n, wbich has 

only a y dependence. We assume the plasma diffuses with a fixed diffusion· coefficient, 

D. Plasma particles are injected along the x-axis at a current density of J 0 as shown in 

Fig. 6.6. The wall at y = y1 is a perfect absorber of ions, but is assumed to emit a 

neutral particle for each ion absorbed. Furthermore, the emitted neutrals are assumed to 

be upiformly absorbed in the volume of the plasma. The plasma is collected at ·~ = L on a 

surface with sticking fraction, g. (This "sticking fraction" fs analogous to the 

'.'~reyness factor" above.) Thus, if the average speed of the particles in the +x 

direction is vx , the collected current density of particles will be n(y )vx g = J. . . x 
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All particles are reflected at the boundary x OA The diffusi6n current density, J(y), 

is given by 

The boundary condition at y 

J dn 
- D dy 

y
1 

is taken as 

2nv 
y J 

w y 

-where v is the average speed of the gyrating ions in the +y direction (for a Maxwellian 
y 

velocity distribution v · = v ). The uniform source strength of ions generated from the 
x y 

neutrals emitted by the wall is giveri by Jw;. y
1 

. 

.... 
where >-"' 

along x 

Conservation of ions· in steady state flow ~-ields the eCJ:uation 

L D / (g v ) ; 
x 

We note that 

n 

>-2 
(6.9) 

g vx is just the net flow speed of the plasma 

Thus LI (g vx) is just the time it takes for the plasma to flow a distance, 

L; along the field. 

where: 

and 

Th~ solution of Eq. 6r9 that satisfie~ the boundary conditions is 

n(u) 
J >o 
DR 

(6.10) 



Furthermore, we have: 

Now J L 
0 

l/R 

equals the net collection of particles at x = L; and JwL 
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(6.11) 

equals the 

recycling of particles from the wall at y1 . Thus,· Jwf J
0 

is just the ratio of the 

recycled flux of ions to ~he throughput of ions collected at x = L~ We note that for 

geometries of interest y1 /L << 1, and hence we can assume 

v x 
<< 1 

Under this assumption R is a function of only u
1 

Eq. 6.11 is plotted in Fig. 6.7, and 

Eq. 6.10 is plotted in F~g. 6.8 for the case of y
1

/L << 1 . 

To estimate lli we assume D to be given by Bohm diffusion at an electron 

temperature of 100 eV and in the divertor channel a field of 133 kilogauss. Hence 

D = 4700 cm2/sec. For a 2.5 unit mass particle at ·this temperature we take 

v = 2.48 x 10 6 cm/sec. 
x Taking L = 5 x 10

4 
cm and 

Choosing 

find 

y 1 = 40 cm we find u
1 

= 0.9 

0.57 and hence Jwf.J
0 

= 9.0. 

Hence J /J 
w 0 

g = 1/20 we have A 44 cm 

3.5. If we choose g 1/50, we 

The implication of this crude model is that we might expect a particle to 

recycle witl:l the wall about ten times before reaching the exhaust chamber. .For a 

throughput of particles of about 2 x 1022 sec-1 our assumptions produc.e about a megawatt 

of power going to the divert or channel walls via ion bombardment. Since the wall area is 

107 2 2 
about cm , this power is less than 1 watt/cm The ion flux on the divertor channel 

walls calculates to 2 x 1016 ions/cm 
2 

sec. At a sputtering yield of 0.003 for 100 eV 

deuteron or triton on iron, we would expect a wall erosion of 0.2 mm/yr. 

Neutral-Plasma Interaction 

The interaction of neutrals with the plasma can lead to energy loss from the 

plasma via peutral line radiation or charge exchange .. As mentioned in th~ section pn 

pumping assumptions and subsonic flow above, slow neutrals are converted to fast neutrals 
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Fig. 6.7 Recycling ratio. 
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Fig. 6.8 Scrapeoff plasma density profiles. 
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via charge exchange with fast ions. The diffusion of neutrals through a plasma via 

charge exchange events is an effective way to transport energy within and out of the 

plasma. To estimate these effects resort is made to a simple steady state slab model. 

Consider a slab of plasma of uniform temperature and density. Let a· thick 

blanket of neutral gas of the same material as the plasma exist on both sides of the 

slab. Thus, the model is symmetric about the center of the slab. The neutrals from the 

gas are "slow neutrals", and they will enter the plasma slab to become either ionized or 

undergo charge exchange or simply pass through the slab. We treat the slow neutrals as 

if they had a single speed vs . Let Asi and Asx be the mean free paths for ionization 

and charge exchange of a slow neutral. Then the mean free path for either event will be 

ATS where 

1 

ATS 
_l_ + 1 
A . ->. -
Sl SX 

Let the slab exist for O .:_ x .:_ 2W , and let ns (x) be the density of slow neutrals. We 

approximate ns(x) by the following expression: 

( 
-x/ATS -(2W - x)/ATS ) 

ns ( o) e + e (6.12) 

The source of fast neutrals, q(x), in the plasma will then be 

q(x) 

The fast neutrals diffuse through the slab with a diffusion coefficient, D, where we take 

D (6.13) 

Afx is the mean free path for a fast neutral to undergo charge exchange. We treat the 

fast neutrals as if they had a single speed vf . 

Let Ti be the average time it takes for the plasma electrons to ionize either 
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a slow or fast neutral. The conservation of fast neutrals is then expressed by the 

equation 

2 
- D 

d n(x) _ n(x) 
+ q(x) (6.14) 

dx 2 T. 
l 

• 
where n(x) is the density of fast neutrals in the plasma. We solve Eq. 6.14 in the 

region 0 < x < w with the following boundary conditions. At x = w the net diffusion 

of fast neutrals must vanish by symmetry since only volumetric sources are considered. 

Hence we take 

dn 
dx 0 ' x w 

The second boundary condition derives from treating the gas blanket outside 

the plasma as a perfect absorber for fast neutrals. In view of our "diffusion 

approximation" P.xpressed by Eq. 6.13, we take the perfect absorber boundary condition to 

be 

1 U dn 
2 dx 0 

The desired solution of Eq. 6.14 is expressed in terms of a length, x
0

, that is given 

implicitly by the following relations: 

where: 

tanh (x
0

/R.) S 

coth (x
0

/9-) - S 

S :: 2D I ( v f Q,) 

9. 2 = nr 
1 

if s < 1 

if s > 1 

The expression for n(x) takes on slightly different forms if S > 1 or if S < 1. 
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For B < 

where 

and 

1 we·find 

n(x) 

Jl 
o 

. [ W XO 
- cosh -A- - "1:"" -

TS 
x (-1 + .!.)). 

ATS Jl 

F2 (x) - sinh [ (W - x)(A~S + {')) 

[ 

W . XO. 
F

3
(x,x ) = cosh -,- + n-

o ~TS )(,, 

- sinh. [cw ~ x )(-
1 

- l)} 
. A.TS Jl 

(6.15) 

• 

1 

- cosh (....Y!_ - xo) 
ATS Jl 

For B > 1, the formula for n(x) can be derived from Eq. 6.15 by making the following 

substitutions: ,;.;./ 

[ 
W XO ( 1 l)] : h [ IV cosh -- - - - x -- + - ----+ - sin -A.-

ATS Jl ATS Jl TS 
. . . 

and the remaining hyperbolic functions containing x 0 in their argument are replaced 

according to the rule 
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The flux of fast neutrals,rf(o), leaving the plasma slab is just 

-D dn(x) 
~ 

x = 0 

Hence the probability, Pnf , that a slow neutral entering the plasma slab will result 

in a fast neutral leaving the plasma is just the ratio'of rf(o) to.the slow neutral flux 

incident at the slab, namely 

For 8 <. 1 we have: 

A. 
SX 

cosh(x
0

/l!.) 

cosh (W+l!.xo) 

.( R. "Ts · sinh 
.\!,+"-TS 

l!. "-TS r ( 1 + • sinh W -- -
£ - "Ts "Ts i)]) 

( 6. 16) 

In order to calculate the probability, Psi , that a slow neutral entering the 

plasma will lead to an. ionization of a neutral, we must calculate the probability that a 

slow neutral will leave the plasma slab. In view of our assumption expressed by Eq. 6.12 

we take thi.s probability to be exp(-2W/;..TS). Th11$ wP. have: 

p' . 
Sl. 

1 - 9 nf 

is plotted in Fig. 6.9 for a hydrogen plasma at 

(6.17) 

13 -3 
a density of 10 cm . 

The justification for taking Pz = 0.5 on page 88 above is found in Fig. 6.9 where it 

is apparent that the scrapeoff plasma can readily ionize an influx of neutrals if 

tP.mperatures exceed 10 eV and densities are 10
13 -3 

cm Consequently the presence of the 

scrape.off pla.sma in the divertor channel is expected to act like a pump for neutrals 

flowing out of the exhaust chamber along the walls. After a "few bounces" a migrating 

neutral would be "pumped" by the plasma. 

From 'this model of neutral interaction with a slab of plasma we conclude that 

the flux of fast neutrals from the.scrapeoff plasma may be something like 1/3 of the slow 
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neutral flux into the plasma. If the slow neutrals come from the walls as a result of 

ion and fast neutral_bombardment, then the fast neutral flux will be half the ion flux to 

the walls. 

Conduction of Heat in the Scrapeoff Plasma 

The scrapeoff plasma thermally connects the discharge volume. with the divertor 

walls and the neutral gas in the exhaust chamber. For a hydrogenic plasma in a magnetic 

field of several score kilogauss the thermal conductivity parallel to the magnetic field 

is some twelve orders of magnitude greater than the thermal conductivity perpendicular to 

the field. Since the ratio of the area of the first wall of the reference design reactor 

to the cross-sectional area of the scrapeoff flux is only about three orders of 

magnitude, we conclude that thermally conducted heat will flow predominantly along the 

field lines. Due to the axisymmetry . of the entire configuration of the plasma and 

magnetic fields, any steady state temperature gradients will exist only in a poloidal 

sense. However, the magnetic field is predominantly toroidal, and so the component of 

the thermal gradient parallel to the field will be relatively small. Nevertheless it is 

"the temperature differences as seen along the field lines that are associated with the 

conduction of ·heat in the scrapeoff plasma. 

The view adopted here is that the thermal connection of the scrapeoff plasma 

to the discharge volume will have a controlling effect on the boundary conditions for the 

reacting plasma. In view of the subsonic flow of the scrapeoff plasma, convection of 

energy via plasma flow along_ the lines will be neglected. Hence, energy losses from the 

scrapeoff plasma via recycling to the walls, charge exchange with slow neutrals or 

radiation will .have to be supplied from the discharge volume via thermal conduction if 

the scrapeoff plasma is to exist. It has been suggested3 that the synchrotron radiation, 

which will fill the vacuum chamber of the reactor, can provide a significant mechanism 

for transporting energy into the scrapeoff plasma. However, we will not consider this 

effect further in this report. Therefore, if we are to have scrapeoff plasma extending 

into the exhaust chamber it is to the conduction of thermal energy that we look to 

maintain the scrapeoff plasma above deionization temperatures. 

If the scrapeoff plasma terminates on a metal surface a sheath will form to 

insure ambipolaI'. flow of charge off the ends of the fi.eld lines. The electrons will 

maintain the sheath potential, which in turn gives energy to the ions that fall through 

the sheath. The escape of the hottest electrons Jhrough the sheath will constitute 
I 

an 

energy loss from the electrons, which, together with other losses, must be made up by the 
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conduction of heat to the sheath region if a steady state is to be maintained •. Such a 

view presupposes that the, mean free path for electron-electron collision will be short 

compared to dimensions along the field lines, which are of the order of 104 cm. W~ note 

that our nominal values for the scrapeoff plasma electron temperature and density, 100 eV 

and 1013cm-3 respectively, yield a mean free path for ~lectron~electron collision. of 

about 500 cm. Furthermore, the mean free path for electrons to· transfer energy to ions 

will be about 67 times longer. This energy transfer distance is comparable to the length. 

of the scrapeoff plasma. However, we anticipate lower temperatures and higher densities 

near the exhaust chamber. Dropping the temperature to 10 ev· and raising the density to 

1014. cm- 3 yields a reduction in mean free pa.tbs by a . factor of 103 With this 

anticipated cooling of the scrapeoff plasma near the exhaust chamber in mind we proceed 

under the assumption that the scrapeoff plasma will provide not only thermal conduction 

·along the field, primarily via the electr.ons, but that the electron and ion temperature 

are. roughly equal. 

The scrapeoff plasma may not terminate on a metal surface, but simply cool as 

it flows down the field lines until its tempe·rature reaches about 1 eV at which time it 

will deionize. We postulate there should· be no heat flow out of the region· of 

deionization. We adopt this scheme o~ terminating the scrapeoff plasma on yhe grounds 

that low plasma temperatures are desirable to reduce particle erosion of surfaces, and we 

can hereby eliminate the necessity for special collecting plates. 

We now have to match ~he thermaL flow problem in the scrape6ff plasma .to the 

energy flow analysis of the reacting plasma~ Solutions have been found for the 

temperature and density profile of the discharge plasma with edge temperatures below 1 

keV and total reactor thermal power held at 5000 MW. (See ·Appendix B for discussion of 

the method of calculation.) In fact, once the edge temperature is dropped to 1 keV, 

· furt~er reduction of edge temperature alone has little effect on othe~ plasma ~arameters. 

Changes in. edge density, however, create chang.es in fuel composition and fuel feed rate 

and result in differing amounts of thermal energy required to be dissipated by the 

scrapeoff plasma. Since the losses sustained by the scrapeoff plasma are density 

dependent, we search for a suitable combination of edge temperature and density such that 

the desired volume of scrapeoff plasma, terminating by deionization at the entrance to 

the exhaust chamber, is just adequate to dissipate the requi.red flow of thermal energy 

from the discharge volume. 

We approximate this complex energy flow problem by a steady state, one 

dimensional model. We consider a cylinder of cross section A and total length L in the 
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x direction along which heat is conducted with a thermal conductivity K. For K we will 

S . 4 f . use expressions given by p1tzer or the thermal conductivity parallel to a magnetic 

field in a fully ionized plasma. The temperature is allowed to vary only along the 

length of the cylinder. A distribution of thermal energy sinks, S(x), is assumed. These 

energy sinks model the loss of energy from the scrapeoff plasma via impurity radiation 

and plasma interaction with walls and neutral particles. Letting Q(x) be the heat flux 

down the cylinder at a distance, x, along the cylinder, we have by definition of K: 

and hence by conservation of energy, 

We take the therm~l conductivity to be 

Q(x) 

dQ 
dx 

-AK dT 
dx 

-S(x) 

K 310 T
5

/
2 

_ aT5/2 
Z .Q.nA watts/eV cm 

(6.18) 

(fi.19) 

(6.20) 

where: T is the electron temperature in eV, ln A is the "Coulomb logarithm", and Z is 

the effective charge of the ions. 

If we take S(x) to be a constant, S, we can readily solve Eq. 6.19 for T(x). 

Let us consider thjs Rnlution briefly, The first integration of Eq. 6.19 yields: 

x 

-A~'l'5/2 dT Q(u) - -! S(x' )dx' - Sx 
dx - (5.21) 

0 

The second integration yields: 

T7/2(x) T7/2(o) 7 [ - x Q(o) + s x2J + 2a 2 (6.22) 

Now Q(o) is the flow of heat into the cylinder at the end x = ·O From Eq. 6.21 we see 

that when 

x L Q(o)/S 
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the gradient of the temperature vanishes if the temperature itself is not zero. Thus for 

a cylinder of length, L, the input of thermal energy has been exactly dissipated by the 
I 

energy sinks (S · L). ·For values of x greater than L and positive temperatures Eq. 

6.21 predicts a change in slope of the temperature to positive values corresponding to 

the conduction.of heat from larger values of x toward the place x = L. Substituting 

Eq. 6.23 irito Eq. 6.22 we find: 

Q2(0) 
-s- (6.24) 

We note that for given values of Q(o) and S, it is possible to choose T(o) so small that 

T(L) will be negative. This is a non-physical mathematical result. If we require T(L) 

to be positive on physical grounds, then T(o) must be chosen large enough. Physically, 

if we started out with a cylinder with losses and with the end at x =)L thermally 

insulated and held at some temperature T(L), then injecting a heat flow at 

x = o would result in T(o) rising up to the value given by Eq. 6.24. The lbwer we 

choose T(L), the lower will b~ T(o). If in addition we desired to choose the value of 

L, then we must satisfy the constraints on Q(o) and S given by Eq. 6.23. 

For the more geJ!eral situation of S(x) not being c·onstant, we can expect that 

foi a given input of heat, Q(o), and a given value of T(o) that is large enough, the 

temperature will monotonically fall to a positive value of T(L) where 

implicitly by: 

L 

f S(x) dx 

0 

Q(o) . 

L is given 

(6.25) 

Furthermore, at x = L the temperature gradie·n.t will vanish. As we co,nternpl.ate lower 

and lower values of T(o), we expect to find lower and lower values of T(L) until the 

physipally limiting value of T(L) = O is reached. 

To model the energy loss from the scrapeoff plasma we have taken the impurity 

ra.diation from th.e plasma, when the electron temperature, Te , is greater than 10 eV, to 
. 5 

be given·by 

1.6 x l0-26 n n A e r watts/cm (6.26) 
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Here n is e the electron density and the density of radiating ions. We 

expect nr to be proportional to hence the radiated power will be proportional 

to n e 
2 For numerical calculations'below we take nr to be given by the argon impurity 

content of the plasma. The presence of neutral hydrogen as an additional source of line 

radiation is neglected. In short, the line radiation is assumed to be impurity 

dominated, 

As discussed at the end of the section on pumping assumptions and subsonic 

flow above, the scrapeoff plasma flow is subsonic and hence the pressure, n T , will be 
e e 

nearly constant. Hence s -2 For T less than 10 eV, Sr is reduced by 'V Te . r e 

multiplying the above expression ( 6. 26) by the factor 6yte-y /(1 + y), where y :: 10/Te 

The energy ]nss via plasma interaction with the walls and neutral particles is 

modeled by the following relation 

(6.27) 

where r
0 

is the particle throughput, and k is the ratio of the total flux of ions and 

fast neutrals hitting the walls to r 0 • We chose k = 8 for our numerical estimates below. 

Taking S(x) = Sr + S , Eq. 6.19 is 
p 

numerically integrated. Two sets of 

boundary conditions are used that are generated by what will be referred to as solutions 

A and B. These boundary conditions require some discussion. 

Solutions A and B are solutions of the energy flow analysis of the discharge 

plasma which we will refer to as the Profiles Analysis. (See Appendix B.) The Profiles 

Analysis requires the specification of the temperature and density of the plasma at the 

boundary of the discharge region. The analysis then produces,· among other things, the 

required steady state heat flow across the discharge plasma boundary. As mentioned 

above, the rcsultc of the Profiles Analysis are quite insensitive to the chosen boundary 

temperature provided that the temperature is below 1 keV. Solutions A and B· were 

obtained for a boundary temperature of 500 eV. Hence their ion densities and heat flows 

at the diochargo plisma bo11nrl~ry are deemed suitable boundary quantities for the 

numerical integration of Eq. 6.19 for all boundary temperatures below 1 keV. 

The numerical integration of F.q. 6.19 starts at x = O with a specified plasma 

cylinder cross section, ion density and effective charge,· heat flow and temperature, 

T(o). Various values of T(o) are tried until a satisfactory solution is found; namely, 
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one that produces a vanishing temperature gradient at a positive temperature near 1 e~. 

Re·sul ts for boundary conditions provided by solutions A and B ·are shown in Fig. 6.10. 

Evidently the boundary conditions of solution A lead to substantially larger values 

of L than do those of solution B over quite a range of variation of effective charge and 

plasma cylinder cross section. Since the nominal length of the scrapeoff plasma 

measured along the magnetic field in the divertor channel is 5 x 10
4 

cm and its cross 

section perpendicular to the magnetic field is 104 2 cm , solutions A and B appear to 

straddle a "matching solution" of the Profiles Analysis that would produce values 

of L equal to the nominal length of the scrapeoff plasma. However, the sensitivity of 

the length L to the effective charge of the plasma ions, the plasma cross section and to" 

the value taken for S through the 
p 

choice of L in Eq. 6.27 greatly reduces the 

significance of specifying in detail a "matching solution" of the Profiles An.alysis. Our 

conclusion is that the "straddling" nature of solutions A and B is to be taken as 

evidence of the feasibility of tuning the operating conditions of the discharge plasma to 

produce the desired behavior of the scrapeoff plasma. Solution A actually underlies the 

data presented in Appendix A. 

Our model for Sr expressed by Eq. 6.26 results in a sharp increase in 

radiative losses as the temperature falls, and the electron density increases near the 

entrance to the exhaust chamber. Calculation indicates that Sr accounts.for over 80% of 

the total losses for the cases considered and that about half of the radiative losses 

occur in the distance over which the temperature falls to about 0.4 of its initial value 

at the separatrix. From inspection of Fig. 6.10 it is apparent that about half the 

radiative losses must, therefore, occur over a path length 
4 

not over 10 cm long. 

Measured in a, poloidal sense, this distance corresponds to about one or t~o meters just 

outside the entrance to the exhaust chamber. Thus we may expect something like 75 MW ~o 

fall on the walls near the entrance of the exhaust chamber at a density of about 30 

2 watts/cm This heat load is not excessive. 

A criticism of· the use of all the one 'd-imensional models used to approximate 

plasma behavior in this chapter lies in the weakness of the assumption of uniform 

temperatures across the width of the scrapeoff plasma. Clearly for the scrapeOff plisma 

to exist at a distance from the separatrix surface energy must be transported or flow 

within the plasma across magnetic surfaces. The analysis of such energy flow within the 

pl_asma has not bee.n attempted here. Some feeling for ~he effect of constricting ~he 

width of the scrapeoff plasma is. gained from comparing the curves in Fig. 6.10 for 

different values of A. 



600 -- ---
- ·---~ 

400 

- T eV 

200 

-------

Solution A: Q(o) = 133.8 MW; n
0
T(o) = 6.67 x I012 cm- 3 

Solution B: Q ( o) = 192.5 MW; n0T(o) = 3.2 x 1013 cm- 3 

-- Z=2.9,8.9;Lpart.loss =L;A=I0
4

cm
2 

A= 5000 cm 2 

Lpart. loss= 5x104 cm 

.... -:::-: ... --

4 

--

8 

- ' -- .:::: ' 
- ------- ,-_ 

-- ' -_, 
''" ... 

12 

' -' -' --
--

', 

" -----
\ 

\ 
\ 

\ 

16 

\ --......, 
\ -....... -

........ \ \ \ 

I \ 
I \ 

20 24 
-4 

L x 10 cm 

744060 

Fig. 6.10 Thermal flow model temperature 
distribution. 

• 

..... 
0 
CJl 



106 

Deionization of the Scrapeoff Plasma 

Contemplating the steady state flow of scrapeoff plasma intoJthe divertor, it 

seems intuitively clear that if its electron temperature drops sufficiently low there 

will be a region in which the plasma_ will deionize. It is then of interest to establish 

the conditions under. which this transition will occur. What densities and temperatures 

for both plasma and neutral gas are associated with such a transition? What processes 

are important in the deionization region? Our qualitative understanding is as .follows. 

On the. downstream side of the deionization region will be neutral gas and: on 

the upstream side plasma. The material flowing away from the discharge volume would thus 

undergo a kind of phase change from plasma to neutral gas in passing through the 

deionization region: electrons "condense" upon the ions and the "heat of fusion" is 

radiated away. The spatial extent of the deionization region is not evident since it 

will depend on the many processes involved in the deionization process. We can imagine, 

however, as one moves down the magnetic field from the fully ionized region toward the 

neutral gas an increasing number of neutrals are encountered that are being excit_ed, 

ionized and undergoing charge exchange. The energy loss from the plasma associated wi-th 

these proc~sses implies a reduction in plasma temperature as one proceeds farther down 

the field. To keep the electrons f~om rapidly running out of the plasma along the field 

lines, electric fields must be established to form a kind of "sheath" at the end of the 

plasma. These fields may arise as follows: when the electron temperature has become low 

enough the electrons lose their ability to ionize the neutrals they encounter. Hence at 

some low electron temperatu-re there will be a flow of electrons from the plasma into 
\ 

neutral gas where they cannot generate new electrons available to return to the plasma, 

but where they con.tinue to lose energy by collisional excitation of atoms. These 

electrons will tend to form a cloud outside the plasma and hence.will set up an electric 

field that acts to retard further electrons from the plasma and to attract ions out of 

t9e plasma. Ions that enter the electron cloud will tend to undergo volume recombination 
/ 

with the cold electrons in the presence of neutrals. Thus there is a continual 

conversion of plasma into neutral gas. 

The neutral gas at the. boundary of the deionization region will contain 

neutrals flowing downstream away from the deionization region and flowi~g upstream into 

the deionization region. The upstream flow must come pripcipally from neutral-neutral 

collisions downstream. The upstream flow passes through the "sheath" and enters the more 

energetic plasma to become eventually ionized. The downstream flow, on the other hand, 

must come principally from recombined ions or charge exchange events upstream and 

constitutes the chief source of energy to be eventually thermalized in the neutral gas. 
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The flow of energy through the deionization region is complex in detail. 

Qualitatively, plasma carries energy by particle r1ow into the deionization region, and 

neutral gas carries energy by particle flow out. In addition, energy can leave the 

deionization region via: radiation from excitation of neutrals and the recombination of 

ions and· electrons; particle bombardment of adjace~t walls; and heat conduction. In 

view of the poor heat conduction of neutral gas compared to that of electrons parallel to 

a magnetic field we expect the "sheath" part of the deionization region to provide good 

thermal insulation of the plasma. In fact, for the thermal flow analysis of the previous 

section and for what follows below we assume the "sheath" to constitute a perfect thermal 

insulat_or. 

A further qualitative aspect of the deionization region is the presence of an 

effective "body force" on the plasma. This force is due' to the magnetic field 

interacting with the electric currents that arise by virtue of the gradient in plasma 

pressure brought about by the deionization processes. 

The flow of plasma into the divertor and the neutral gas into the exhaust 

chamber is a problem in gas dynamics. An analogous gas flow problem would be that of the 

steady flame front in a gas jet or the fixed condensation zone in a nozzle. The 

requirement that ·must be satisfied is· that the deionization region remain fixed in space 

while material flows through it. If we specify the plasma properties upstream from the 

deionization region, what can we then say about the properties of the neutral gas 

downstream? To proceed with the analysis we approximate the deionization region with a 

two dimensional model to which we apply the conservation laws of mass, momentum and 

energy flow. 

The deionization region is taken f to be a slab that contains the separatrix 

surface, here treated as a plane. Fig. 6.11 shows the assumed geometry. The x,y plane 

corresponds to the separatrix surface. The x axis is chosen to correspond to the 

toroidal sense of direction in the reference reactor. By virtue of the assumed 

axisymmetry for the reference reactor, all flow properties are taken to be independent of 

x. As indicated in Fig. 6.11, the plasma is taken to flow into the deionization region 

with its flow velocity, ~p , parallel to the magnetic field. Both the flow vector and 

the magnetic field change direction in passing through the deionization region. The flow 

velocity of the neutral 
g 

gas, v is not assumed to be parallel to the magnetic field. 

We m~ke the assumption that the magnetic field has no z- component and that all flow 

properties are independent of z. Finally, there will be a current flowing in the z 

direction in the deionizing region that arises by virtue of the gradient of the plasma 

pressure. 
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We t"reat the neutral gas and each component of the plasma as, a .fluid. The 

mass flow vector for each fluid is: 

(6.28) 

where ·n,' m a.nd.vk are the particle density, particle mass ·and the k th component of the 

flow velocity. The particle momentum flow tensor for each fluid is taken to be: 

n m vivk + nT oik (6.29) 

where Tis the tAmperature in units of energy of the.fluid and 

1 if i k 

0 if i 'f k 

Momentum :t.s also transferred to the plasma by. the electric currents· flowing across 

magnetic fields. Such forces can be treated through the electromagnetic stress tensor: 

(6.30) 

where E and Bare the electric and magnetic.fields. 

Consider now a cylinder of unit cross section in the deionization region lying 

along the y-~xis and bounded by the plasma control surface and the gas control surface. 

The plasma control surface liHR wholly in the plasma, and the gas control surface lies 

wholly in· the neutral gas. Equating the mass flow into the cylinder across the plasma 

control surfacA to the mass flow out of the cylinder acro~s the gas control surfaee we 

.have: 

i e n.m.v + n m v 
1 1 y e e y 

er 
n m v~ 

g g y (6.31) 

where the labels i,e and g refer to the ion, electron and neutral gas fluids 

rcGpcotively. Rinr.e there are no "body forces" acting in the deionization region other 

than electromagnetic forces, the divergence of the total momentum flow tensor must vanish 

in the deionization regjnn. Thus 

0 (6.32) 



110 

where k can b~eome x, y or z. Since the tensors P and R are assumed to d~pend only on y, 

the first and third terms in Eq. 6.32 vanish. Therefore the quantity (P + 
ky 

is 

preserved in passing from the plasma control surface to the gas control surface and we 

have: 

i 2 e 2 + n T 
(BP)2 2 - sin28) n.m.(v ) + n m (v ) + n.T. + 811 (cos 8 

1 1 y e e. y .1 1 e e 
(6.33) 

n m (vg) 2 + n T + 1 [~- (s~f] g g y g g 411 

and 

n.m.vivi + e e (BP )2 
·Sin8 cos8 n m vgvg _l__ BgBg n m v v 

1 1 x y e e x y 411 g g x y 411 x y 
(6. 34) 

Here the left-hand side quantities are evaluated at the plasma control surface and the 

right-hand side quantities are evaluated at the gas control surface. The electric field· 

does not appe~r in Eq~. 6.33 and 6.34 bec~us~ we assume it vanishes ou~side the 

deionizing region and hence will be zero at the plasma and gas control surfaces. 

Finally, we note that (Pzy + l\y .) vanishes when evaluated at the plasma control surface. 

Hence it will vanish when evaluated at the gas control surface. Thus 

Renee we conclude that vzg 

parallel to the x,~ plane. 

We now consider 

the energy flowing across 

the gas control surface 

deionization reg~on between 

(P + R ) 
zy zy gas 

0 

0 . Thus the entire flow of both plasma and neutral gas is 

the 

the 

and 

the 

energy flow through the deionization region. Let 

plasma control surface, Qg be the energy flowing 

let QL be the rate of energy loss from the 

control surfaces. By the conservation of energy we 

Q p 

~· be 

across 

entire 

have: 

(6'.35) 
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QP will consist of the transported particle kinetic energy plus the flow of potential 

energy represented by the ionized state of the plasma plus any heat flow. It is 

important to count the potential energy since it is this·energy that is converted into 

recombination radiation. If A is the area of the plasma control surface across which the 

plasma flows, then we take for Qp the following expression: 

( [ 
1 ( i ) 

2 
5 ] i [ 1 ( e) 

2 
+ ~2 n T ] ve A. ni 2 mi v + 2 niTi vy + ne 2 me v e e Y 

+ n ve U + 
e Y 

where U is the average ionization potential per electron in the plasma, and qy .is the 

heat flow across unit area of the plasma control surface. 

For Qg we take: 

~ n T ] 2 g g 
O" 

v"' y 

Note, we assume there is no heat flow across the gas control surface. We will discuss 

QL helow.· 

We assume· that at the plasma control surface the magnetic field and the plasma 

properties are given. The problem is to find the six unknowns at the gas control surface 

n ,T ,vg and B! The four equations Eqs. 6.31, 6.33, 6.34 and 6.35 do not suffice. Two 
g g - -

more equations are needed. One additional statement is the observation· that the y 

component of the magnetic field will be continuous across the deionization region. Hence 

B g =BP. A second statement is obtained by the definition of a new parameter. We y y . 

consider the neutral 

sufficient .el.luations 

We assume 

fashion. Hence 

gas 

for the 

pressure, 

unknowns. 

p 
g 

the plasma is electrically 

z and e i 
n = n. v v 

e 1 

consider m = m. and identify vi with the 
g 1 

to be specified. We now have 

quasi-neutral and flows in an ambipolar 

Since m << m. also we e 1 

plasma flow velocity, VP. Finally we 

assume a "low beta" plasma, that is, the plasma pressure is small compared to the 

magnetic pressure. Hence the presence of the plasma will not affect the magnetic field 

very much. Therefore we define e: 

take c <<; 1 With the above assumptions and some algebra we can replace Eqs. 

6.31, 6.33, 6.34, and 6.35 with the following four equations: 
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vg sin8 Tg 
r 

AP (6.36) 
g 

vg cosS i 
cose ~ A sine cose (6.37) v + £ 

471 r m. 
1 

M2 µ2 ( T 

2 
~ tan 2 e + T 2 ) (6.33) 

cos2e <P <P2 tan e 

M2 + 5 1 
(µ2 + 

5 + z u q A - QL ) (6.39) y 
2 T 2 (Ti + ZTe) + f(Ti + ZTe) 

where we have defined the dimensionless quantities: 

M2 ~ mg(vg) 
2 

- /T g 

µ2 1 i 2 
- 2 mi (v ) /(Ti + ZT e) 

T - Tg/(Ti + ZTe) 

<P - P /[n.(T. + ZT )] g i i e 

x - 1 + (1 - <P)/(2 µ2) 

and have made use of the particle throughput, r , with the help of the relation 
i 

r = niv A sin0. M is essentially the Mach number for the neutral gas. 

We note that the unknowns vg and Tg are embedded in the quantities M and T that 

are determined by Eqs. 6.38 and 6.39 alone. Once having found vg and , Eq. 6.36 

serves to determine 8 and subsequently Eq. 6.37 serves to determine £ Hence we 

turn to the solution of Eqs. 6.38 and 6.39 and must now consider the nature of Q1 , the 

rate of energy loss from the entire deioni7.ation region between the control surfaces. 

We start the estimation of QL by modeling the flow of ions and neutrals 

through the deionization region in the following manner. The particle throughput of ions 

crossing the plasma control surface is composed of counter streaming fluxes of ions. The 

sources of the ion flux going upstream are backscattering of ions and ionization and 

charge exchange of neutrals. Similarly the particle throughput of neutrals crossing the 

gas control surface is composed of counter streaming fluxes of neutrals. The sources of 

the neutral flux going downstream are backscattering of neutrals and deionization and 

charge exchange of ions. In addition particles may interact with the walls bounding the 

deionization region, but no net collection of particles by the walls is assumed. Fig. 
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6.12 shows a schema of this model. In particular rid represents the incoming flux of 

ions that are deionized and r . 
Ill 

represents the incoming flux of neutrals that are 

ionized. Clearly the particle throughput, r must equal the difference of the 

deionized and ionized fluxes, that is, 

r r . (6.40) 
Ill 

The losses from the deionizaion region will be in the form of deionization 

radiation, Qdr' collisionally excited radiation,Qcr and eriergy transported to the 

walls by 'particle interaction, ~· Since there are Z electrons that must recombine with 

an ion to produce a neutral, we take 

z u rid . (6.41) 

Collisional excitation t~kes place in the process of ioni.zing neutrals and in the process 

of electrons losing energy before recombining. · We take 

Here (1 
c 

we take 

and a 
e are multtpli.catives of the order unity. 

a T. r w 1 n 

(6.42) 

For the wall interaction 

(G.43) 

This expression for Qw reflects the thought that the particle~wall interaction in the 

deionization region will be dominated by charge exchange neutrals which, in turn, are a 

consequence of the flux of neutrals, rn , injected into the region. The value of 

aw is quite uncertain. Since we expect Qw to be less than the net energy transported 

into the deionization region by the ions, if rn>> r, we expect aw<< 1 . On the other 

hand if rn< r , then aw~ 1 would be possible. 

Summing up we have 
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(6.44) 

(U +a T) z r +(a. [U(l +a ) +a T J z +a T.) r ee 1 c ee w1 n 

where 

a. r 
1 n 

we have used Eq. 6.40 to eliminate rid and 

where 0 < o.. < 1 
1 

Perhaps the most significant 

is its dependence on r and r 
n 

have set r 
ni 

equal to 

aspect of this expression 

We now assume the velocity distribution of the neutral gas at the gas control 

surface tu be well approximated hy a displaced Maxwellian distribution such that its 

average velocity is just equal to the neutral gas flow velocity, vg Hence we can 

replace rn with the expression 

where 

r 
n 

'a
0

(M) 

r • (2111/2M) 

11
1

/
2

M [l - erf(M)J 

and erf (M) is the error function of M. a
0

(M) is plotted in Fig. 6.13. Substituting the 

above expressions tor QL 

where: 

and 

and r 
n 

into Eq. 6.39 we have 

1·~ (a T Zr - q A)/[f(T. + ZT )] e e y 1 e 

/\ -
a T. w 1 

(6.45) 

We note that the term zu I (T. + ZT ) in Eq. 6.39, which comes from the flow of 
1 e 

potential energy, has been cancelled by the first term of QL 

recombination radiation. 

uzr 1 which represents the 
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Equations 6.45 and 6.38 are now to be solved for M and t With Eq. 6.45 

one can plot t as a function of M2 for a given choice of plasma parameters. With 

Eq. 6. 38 we plot· M2· as a function of T We note the parameter $ , containing ·the 

neutral gas pressure Pg , enters only in Eq. 6.38 in which it serves as a parameter to 

generate a family of curves. The intersection of these two sets of curves provides the 

values of M and T that simultaneously satisfy Eqs. 6.38 and 6.45. A plot of such 

curves is shown in Fig. 6.14. 

For the curves of 
22 

used: r=2 x 10 particles/sec, A 

degrees, Ti= Te = 1 eV, ni = 6.2 

Fig. 

6.42 

x 1014 

6.13 
5 2 

x 10 cm 

-3 
cm z 

the following parameters were 

BP = .86.9 x 10
3 

gauss, 0 1. 35 

. 1, and ll1:i 2.5 atomic mass units . 

The8e values model the refArence reactor at the entrance to the exhaust chamber (Fig. 

6.2) with A accommodating the. entire scrapeoff flux. Te cannot be much above 1 eV for the 

plasma to deionize. The ion density ni is approximately two orders of magnitude larger 

than the ion density at the edge of the reactor discharge volume used in solution A of 

the Profiles Analysis mentioned in the above section · on conduction of heat in the 

scrapeoff plasma. 

From the above numbers we calculate µ = 
-3 

1.75 x 10 , which indicates very 

sub8unic plasma flow. Since µ = J/A a wirle range of A can be assumed without increasing 

the flow to sonic conditions. Furthermore, 
0 

this value of µ produces very large value8 

of x unless • is very close to unity. For example, the largest value of X used in 

plotting Eq. 6.38 in Fig. 6.14 is X =600, for which (1 - I) = 0.00367. 

Equation 6.45 is plotted in curves a,b,c and d of Fig. 6.14. For curves a,b 

and c we have rendered J!, "'O by assuming q A= a T Z r. This assumption equates the heat 
y e e 

conducted into the deionization region to the collisionally excited radiation produced by 

a flux of zr electrons. This is just the flux of electrons necessary to neutralize the 

throughput of ions, r In evaluating A we liave used U= 13.6 eV, a =a and a = l for e c w 
all cases. The particular choices of ai and ac for curves a,b,c and dare indicated in 

Fig, 6.14. 

The effect of any particular value given to the a' s manifests itself in the 

resulting values of A and l!.. Now A is proportional to the losses associated with 

rn. Since f 0 decreases monotonically with increasing M, for large values of M curves of 

Eq. 6.45 with different values of A will approach the same limiting curve determined by 

the value of l!. Thus curves a,)? anrl c all approach the dashed curve labelled "l!.=0." 

Curve d, though having nearly the same value of A as curve b, approaches the limiting 

curve labelled "l!.=l". The value of reflects the difference between the 
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collisionally-excited radiation induced by the flow of zr electrons and the heat 

conducted into the deionization region, essentially by the electrons. If this heat 
( 

cannot be entirely dissipated by radiation, it must go into heating up cold particles, 

primarily cold electrons;, in which case one might expect the deionization region to 

expand until the radiant losses did account for all the heat flow. Hence we consider 

negative values of R. as unphysical. In the limit of no heat conduction into the 

deionization region R. will be limited by the circumstance that the radiant losses cannot 

exceed the energy brought in by the electrons. Hence R. should be less than 5/2. 

The major conclusion to be drawn from Fig. 6.14 is that for any curve of Eq. 

6.45 we can find a curve of Eq. 6.38 with x <500 such that the intersection of the two 

curves occurs for values of M > 1. Values of M greater than unity imply that the neutral 

gas leaves the deionization region in a state of supersonic flow. To achieve such values 

of X the neutral gas pressure need be only slightly less than the plasma pressure, as 

mentioned above, which for our choice of density and temperature amounts to some 1.5 

torr. In a manner suggested by "choked" flow in a riozzle, if the gas pressure in the 

exhaust chamber is reduced below the value of neutral gas pre::;::;u:ce required to produce 

supersonic flow, we would expect the flow of plasma into the deionization region to be 

unaffected. 

For low neutral gas pressures and hence very large values ofx there are no 

simultaneous solutions of Eqs. 6.38 and 6.45. This circumstance indicates the limits of 

validity of the "one dimensional" analysis. Physically we would expect low gas pressures 

in the exhaust chamber to result in complicated, oblique expansion shock patterns in the 

flow of the neutral gas analogous to the exit flow of an overexpanded Laval nozzle. 

However, the attainment ·of sonic flow of the neutral gas at the gas control surface 

results in the decoupling of the plasma flow from the state of the gas in the exhaust 

chamber. 

The Vacuum System 

According to the estimate of the preceeding section the scrapeoff plasma 

pressure will be about one torr and to insure the proper particle throughput of· 

22 J.O mol~cules/s~c, the neutral gas pressure in the exhaust chamber need be only 

slightly less than one torr. Reduct ion of the e'xhaust chamber pressure to wel 1 below oue 

torr will not affect the throughput because of the condition of sonic flow at the 

entrance to the exhaust chamber. From these considerations, the pressure in the exhaust 

chamber is not critical, and the pumping requirements are trivial. 
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The required pumping speed is really set by the specification of the neutral 

11 3 
gas density of 4.6 x 10 molecules/cm in the main vacuum chamber at the onset of the 

reignition phase of the operating cycle of the reactor. (See Chapter 5 for discussion of 

the operating cycle.) The situation is as follows. At the end of the current 

interruption phase, the plasma in the discharge volume has been converted into a neutral 

13 -3 
gas at a molecular density of 10 cm and a temperature of 600 K. This gas fills the 

• -4 
main vacuum chamber at a pressure of 4.5 x 10 torr. We require that at this time the 

gas pressure in .the exhaust chamber equal the pressure in the main vacuum chamber. The 

operating cycle allows 30 seconds of pumping on the combined volumes to reduce the gas 

density in the main vacuum chamber by a factor of about 22 in preparation for the 

reignition phase. The pumping speed must be adequate for this task and at the same time 

handle a. particle flow of some 1022 molecules/sec. during the long burning phase of the 

operating cycle. 

-4 Assuming the exhaust chamber pressure to be 4.5 x 10 torr during the burning 

phase, the particle throughput of 10 22 molecules/sec requires a pumping speed of some 

5 
6.7 x 10 liters/sec. This speed should also be adequate to produce the required 

reduction in gas density in 30 seconds of pumping. The total volume to be pumped amounts 
6 

to some 5 x 10 liters, and its conductance is judged to be determined primarily by the 

divertor channels. We treat each divertor channel as a cylinder 80 x 3000 cm2 by 800 cm 

long. The channels 
6 

3.8 x 10 liters/sec 

pump in parallel with a 
6 

and 28 x 10 liters/sec. 

combined conductance somewhere between 

The first number assumes molecular flow 

conditions prevail, and the second number assumes viscous flow. For eithP.r assumption 

the conductance far exceeds 6.7 x 105 liters/sec. Hence we neglect the conductance of 

the divertor channels in estimating the pumpdown of the reactor volume. 

The reduction in gas density in a volume", V, that is pumped with a speed, S, 

for a time, t, is given by exp (St/V). Hence in 30 seconds at a speed of 6.7 x 10
5 

liters/sec. we expect a reduction in density in the main vacuum chamber by a factor 

of 57. This reduction is more than is needed. Thus some neutral fuel gas may be bled 

into the reactor during this pumpdown time to insure the proper gas density at the onset 

of the reignition phase. 

By the above considerations we judge the pumping speed of 

6.7 x 10 5 liters/sec. to be an adequate requirement for the reference design model 

reactor. We achieve this speed with 96 vacuum pumps evenly divided between the top and 

bottom vacuum manifolds and equispaced around the reactor. The vacuum manifolds are 

connected to the exhaust chambers through ducts 6 meters long and 1.5 x 3.0 square meters 

in cross section that pass through the gaps between the toroidal field coils. 
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Hot neutral gas entering the exhaust chamber will be cooled by contact with 

the walls of the exhaust chamber although some cooling baffles may be required. 

We propose to use mercury rather than oil diffusion pumps since mercury will 

not be affected by the 18.6 keV beta rays of the tritium. The diffusion pumps will be 

backed up by mercury ejector pumps. The ejector pumps will work into about 100 torr fore 

pressure that is required for the multistage compressors that follow in the fuel 

processing system described in Chapter 14. Pumpdowns from atmospheric pressure will be 

done by special forepumps. 

Performance of the Divertor 

F:i:-om the a.hove description of the scrapeoff plasma it is not clear how well 

the poloidal field divertor will fulfill the desired requirements outlined in the above 

section "Functions of a Divertor". As indicated in Fig. 6.10, the plasma temperature on 

the separat-rix at the edge of the discharge volume may be about 300 eV, which is 

certainly far above any material wall temperature, but is still far short of reacting 

plasma temperatures. Thus the divertor described here may be said to do a poor job of 

permitting high edge temperatures for the reacting plasma. 

The rlivertor is expected to keep the density of neutral atoms surrounding the 

discharge volume extremely small and hence to render negligible charge exchange with the 

reacting plasma. This expectation rests on two reasons. First, the scrapeoff plasma 

will be a good "pump" for neutrals. Second, the primary source of neutrals will be the 

divertor channel walls. Only a small fraction of these neutrals are expected to emerge 

from the divertor channels. The other possible source of neutrals in the discharge 

volume is the plasma that diffuses across the limiting flux surface (such as determined 

by point A in Fig. 6.2) and strikes the radiation shield surrounding the discharge 

volume (see Fig. 6.4). We shall call this plasma the outer scrapeoff plasma and claim 

that it will not interact appreciably with the radiation shield. This plasma will be 

collected for the most part near the entrance to the divertor channels, ·and the resulting 

neutrals ionized by other parts of the scrapeoff plasma. In effect the outer scrapeoff 

plasma undergoes very efficient collection with a short path along th~ field lines and 

with lttt.le or no source of ions within its volume. 

The manner in which the density of the outer scrapeoff plasma is expected to 

fall off with djst.ance from the limiting flux surface can be approximated by the same 

analysis used to discuss the plasma in the divertor channel. Thus we may use Eq. 6.9, 

but with its right-hand side set equal to zero implying no volumetric sources. The 
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solutic·n of this equation is straightforward. We have: 

where 

and where J(o) 

n(u) 

u y/>.. , 

A == (sin __ h u 1 + D 

2>..v 
y 

D cosh u 1 )/(cosh u 1 + sinh u 1 ) 
2>..vy 

is the·diffusion current density at the boundary of the limiting flux 

surface. Th~ quantity u is the measure of how far the wall (in this case the radiation 
1 

shield) is from the limiting flux surface. We also find the flux, J(u ), of the outer 
1 

scrapeoff pl._asma to the wall is given by 

-ul 
J(o)e (6.46) 

where we have assumed u
1 

to be large enough to set co sh u . 
1· 

sinh u
1 

. To evaluate 

we take L = 10 4 cm and g = 1, the values of -D and vx remaining unchanged from our 

previous. discussion of. the plasma in the divertor channel. Thus we have >.. = 4. 4 cm,. .a 

factor of 10 less than our previous estimate. .Hence ul = 50/4.4 "' 11 . Thus 

J(ul) /J(o) "' 1. 6 x 10-5 • The significance of this ratio is that the bomba-rdment of the 

radiation shield by the outer scrapeoff plasma is expected to be no more than 10-5 times 

the plasma bombardment of the divertor channel walls. Since the flux to the divertor 

channel walls was estimated at 2 x 1016 ions/sec cm2, the flux to the radiation shield is 

~stimated to be less than 2 x 1011 ions/sec cm2 . This figure does not constitute an 

appre_ciable bombardment. 

It is difficult to estimate the efficacy bf the divertor to keep the impurity 

atoms that have been sputtered from the divertor channel walls from entering the reacting 

plasma. The classical· expectation is for impurity ions of higher charge state than the 

bulk of the plasma io~s to .diffuse across the magnetic field toward the high pressure 

region of the ·pla~ma. Furthermore, the spatial distribution of the impurities tends to 

become very peaked relative to the bulk plasma. 

plas·ma, then the equilibrium 

.proportional to (np)Z . The 

density,nz(r), 

iMplication is 

.If np(r)is the density of a hydrogenic 

of impurity ions of charge, Z; is 

that the· relative concentration. of 

impurities at the. separatrix around the discharge volume must be kept extremely small 

compared t_o the relative concentration of impurities in the discharge volume itself. The 

·difficulty of this task is illustrated by the following example. 

Consider a cylindrical hydrogenic plasma of radius a with a .density 

distribution given by 



Then th~ average impurity density 
a 

<nz> - a22 f 
0 

= <n > 
p 

np(o)(l-k r 2;a2 ) 

n (a) 2. 2 

1P_ k • (1-k r /a ) 

in equilibrium with this plasma distribution is 

2 1 (1-(1-k)Z+l) 
z+1 . (1 - k)Z-1 • 1-(1 - k)2 

Hence for rp(a) 0.2 n (o) and for an iron impurfty with Z 
p 

26 we find that 
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(6.47) 

that is, the relative impurity concentration at the edge of the P.lasma is an impossib~y 

low figure to achieve even for'.<n
2

>;. <np>"' 0(1). For np(a) = 0.8 np(o), a rather flat 

density di~tr·ibu tion, we find: 

-3 Thus, for example, if <n 2>/<np> " 10 , then the divertor must keep n2 (a)/np(a) -5 10 , a 

requirement that begins to RP.Porn possible. 

The above argument. suggests that it will be impossible for a divertor to 

maintain low jmpurity concentrations in a plasma with a central density much different 

from.the density· at the separatrix. However, the argument does not indicate the time 

scale required to build up the impurity concentration. We can estimate this time scale 

as follows. According to our model of the poloidal field divertor the plasma will 

interact with the walls primarily in the divertor channel. The total plasma hitting the 

wall is taken to be (Jw/J
0

)f
0 

, where (Jw/J
0

) is the recycling ratio and can be estimated 

from Fig. 6.6; r
0 

is the particle throughput. Let y be the ratio of impurity atoms 

entering the scrapeoff plasma per plasma ion hitting the wall. Let a fraction, a, of 

these impurity atoms find their way out of the divertor channel and cross the sep~ratrix 

into the reacting plasma. Then the number of impurity atoms, N2 , that enter the reacting 

plasma in a time t is given by: 

(6.48) 



124 . ' 

In terms of the total number of plasma ions, N , in the reacting plasma we can define a 

particle confinement time, T , by writing r 0 = N/T Thus we have: 

10 and A. 10-3 we have 

t/T l/CJ. 

For the reference design reactor discussed in this study we have T 3.8 seconds and 

desire t = 5760 seconds~ Hence in this example we would require a.= O. 6 x 10-3 This 

value is not an impossible number to hope for. To make a meaningful estimate of 

a.requires a·more refined analysis of the scrapeoff plasma than has been done so far. 

Electric fields associated with the thermal gradients and the deionization of the 

scrapeoff plasma may act to inhibit the flow of impurities toward the reacting plasma. A 

more detailed study, both. theoretical and exper.imental, of. the flow of the scrapeof·f 

plasma.·is .certainly. required. 

I 
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Chapter 7 

Fuel Injection 

S.· L. Gra:inick 

Introduction 

The long pulse mode of tokamak r~actor operation reqbires the_mainteqance of a 

quasi-steady fuel ion density profile (constant in time for periods much longer than 

particle containment times). This is accomplished l?Y injecting ari appropriate mixture of 

deuterium, tritium and impurity additive (argon) atoms to replace t.hose ·that are consumed 

by fusion reactions and those lost by diffusion out of the system. To do thi~ we have 

chosen the technique of high velocity ballistic injection of solidified fuel. Although 

deep penetration -Of ihe reactor plasma is a formidable technical task; it is within the 

realm of .plausibility. Alterna·tive, yet to be explored, schemes relying on edge-

deposited fueling may relieve this problem. It is our feeling that pellet injection has 

two advantages qver its principal competitor,· high energy neutral beam injection-: less 

energy is required to achieve the same fuel mass penetration, and.the pellet evaporation 

process inhibits the formation of energetic charge-exchange neutrals, which are likely to 

be a major problem in fueling schemes· relying on neutral atom. injection. 

The reactor profiles code (Appendix B) does not calculate mass diffusion for 

an arbitrary. distribution o.f sources·and sinks ·and· an· arbitrary dependence of the 

diffusion .coefficient. Rather, a model based. on a constant dif·fusion coefficient chosen 

to give several hundred Bohm-times confinement and· based on a souree :function 

(ions/cm3-sec deposited) that is constant across the plasma is used. The solution of th€ 

diffusion equation under these assumptions is parabolic, and this density profile along 

with the electron temperature profile found by the profiles code provides. a target plasma 

for the injection problem. In an actual device the steady state density profile will 

d~pend on the actual distribution of sources, and it is highly unlikely that the source 

distribution may be tailored at will. The.purpose of this chapter is primarily to review 

the problem ·of injection, the penetration of a target plasma to a spe.cified depth with a 

sp~cified· mass of fuel. We have not attempted to meet the exact. fuel ion requirements of 

the profiles ~ode. Comparisons of the fuel deposition profile generated here and the 

fuel consumption profile of the reactor code will, however, be provided. 

The fuel requirements in a tokamak fusion reactor, characterized by a small 

fractional burn, are principally determined by the rate at which particles diffuse out of 

the system. The consumptidn due to fusion reactions is less than 10% of thi~ amount. In 
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a cylindrical plasma based on a uniform density source, the volumetric requirement is a 

quadratic function of the radius due to the r 2 dependence of the cross~sectional area. 

If the small requirement due to fusion reactions is ignored the ideal fuel requirement 

profile would be 

F (7.1) 

where R is the major radius of the torus, and S is the density source function. Since 

the. fuel deposition resulting from ballistic·injection of solid pellets will tend to be 

peaked at larger values of r, this is a convenient demand curve to attempt to satisfy. 

An additional factor that must be considered in designing a fuel injection system is the 

outward shift of the mass center of thA plasma. It Rhould be emphasized that the reactor 

profiles code is based on a cylindrical model. A first order calculation of the shift 

has been performed based on the equilibrium theory of Greene et 
1 

al. The resulting 

.shifts of the magnetic surfaces (see Chapter 4) are quite large due to the larger values 

of B needed in an economic power reactor, and we infer·from this that the maximum 

.Pen~tration depth will be considerably smaller than t.he nominal minor radius of the 

plasma, 

Io what follows we shnll present an approximate treatment of the interaction 

of a solid pellet of fuel with the reactor plasma ba,sed on the recent· wo.rk of Gralnick~ 
The effects of the magnetic field discussed by Rose3 and of possible electro'static 

shielding treated in the very early work by Tonks4 that are not included in Gralnick's 

treatment will be discussed here in a brief, qualitative manner, Based on this analysis 

and the reactor profile we are able to determine fuel pellet diameters and required 

injection velocities. With this information in hand we then proceed to "design" a fuel 

injection system for the Princeton Reference Design Reactor. 

Interaction of Fuel Pellet with Reactor Plasma 

We shall consider the passage of a pellet of "evaporating" materia.l through a 

slab of uniform density .and temperature plasma. (The term evaporation as used here 

refers to the surface ionization of the fuel pellet as described in Ref. 2). It is 

assumed tha.L Llie initial pellet rndiur;; and velocity ii.rP. known, that the thickness of the 

slab, 6, is large compared to the initial pellet radius and that the characteristics of 

the reactor plasma do not change appreciably over a length, 6 .. We wish to determine the 

pellet radius and velocity' when it leaves the slab and the time of flight through the 

.slab if the slab is totally penetrated; and we wish to determine the amount· of fuel mass 

that is deposited in the slab. 
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r 
.i 

tim _34 n P (r~. 
s 1 

and r f a:r:e the initial and final radi.i of the pellet and ps is 

(7.2) 

the mass density. The 

several fuel constituents are assumed to form an homogeneous solid material of density, 

(7.3) 

For th·e fuel composition· used :ln the reference design (see Appendix A) and for a density 

of solid deuterium 5 of 0.18 g/cm 3
, 

.. I 3 
.379 gm cm (7. 4) 

·'i'he des.ire'cf information may be .. obtained from the solution of the equation of 

motion of the pellet 

where m· p is the pellet 

· norm·at' to the direction 

- c0 .• c1;2 p* u2
) ·A (t) p p 

( 7, 5) 

mass,· UP is 
.. 

of motion·, 

its.velocity, A is the projected cross secti6n 
p 

c
0 

is· the drag ~oefficient and p*is the average 

plasma density·, 
; 

mass and the evaporation rate equation 

drp 

dt 

The mass of the pellet, mp' and ih~ sur~ace area, AP, are expressed · in terms 

pellet radius, r . 
p 

6 
The low velocity li~it for the drag coefficient is given by 

exp -(s:j2) (l + 2s2) + 4s
4 

+ 4s
2 

- 1 

./IT s 2s 4 . 
erf(s) . 1 

(31/3) 
2/:; s 

of the 

(7.7) 
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"' where s is the molecular speed ratio, U /(2RT*)l/ 2 . 
p 

The equation of motion may be 

written as 

dU p* ~ r ____E = 
p dt PS 

31 up 
(7.8) 

The subscript p refers to the pellet, and a subscript * refers to the plasma average ion 

species. A first integral is readily obtained giving 

where 

x(t ) . f 0 
E;(r) = 

x(ti) 

r.U. 
1 ·1" 

(7.9) 

(7. 10) 

The electron density and temperat~re appear in the second term as it is the electrons 

that are responsible for the surface ionization of the pellet. W is the total 
0 

ionization energy, and o is an attenuation factor representing the effect of the newly 

ionized material in shielding the pellet. For moderate changes in o over the thickness 

of Lhe plasma sla.b an approp:r:iate average value may be used. After performing the 

integration in Eq. 7.10, Eq. 7.9 may be integrated. The solution is of the form 

(§ xi) ( 1 + t) 

c 
+ B -B n x = A - c (7.11) 

where 

D 
r.U. 

1 1. x. c ( /ii ne~ 2kT 6) 
1 

p* e 31 -- + w;; PS 811 n* nme 

( 7.. 12) 

~ 2kTe 
0 

B p* ~ w-
0 (7. 13) 

A p·s r. 
1 
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and' 

c 
8 

_31~~-] 
. ~ 2kTe 

0 vmn: -w;; 
(7.14) 

Determination of the Admittance Fact.or 

The effect of the high density plasma formed at the surface of the fuel pellet 

has been treated extensively in Ref. 2. This layer of material consists of an inner 

dense boundary layer in which absorption occurs arid an outer region of cool plasma that 

is transp~rent to the incident high energy particles. We shall confine our attention 

here to the inner absorbing boundary layer in which the flux of incident energy carried. 

by electrons is attenuated according to 

F (7.15) 

where IJ. is the thickness of the boundary layer, 

r "'u·(IJ.t) p g (7.i6) 

Ug is the, expansion velo~ity at the surface, and A is the average absorption mean free 

path. for energy .. Sinc,e the boundary layer .is usuaily very dense and cold 

A < IJ. (7.17) 

The average density in the layer is given by 

JG .dt 
n = (7.18) 

3·(ro 
.3 

1) 4n 
3 r - -

P rp 

where 

·. F 00 4n 2. 
r 

G 12 (7.19) - w 
0 



We. shall now repl·ace dt by 

. dt ::: 

and assume that o is approximately constant in time so that 

Jo dt "' ot 

SomP. mani:pulat:i.on then gives the following transcendental equation for o 

.tn(o) 
--0- X 10

_5 rpneR.n /\ 
. 555 1/ 

U ·T 2 
g e 
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(7.21) 

(7.21) 

(7.22) 

in which the energy exchange mean free path has been used. Typically Ug is of the order 

of 106 cm/sec, the value used here. 

Fuel Injection in PRDM Plasma 

The plasma density profile in the PRDM is given by (see Chapter 4) 

n .. = a2S ll -a (..r._)2] (7.23) 
1 4 D a a 

This quadratic is generated as the solution of the diffusion equation for constant S and 

D. We modify this profile to account jor the shift of the magnetic surfaces and use 

=~[1 n* 4 D a 
(7·24) 

where x is the distance measured from the magnetic axis which is shifted by an amount 

6r ·. from the original or nominal positio11. For the design profile 
max 

l:lr max/a, = .61 and a = . 95, 

consequently 
(7.25) 
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The quantity ( x/a) runs from 0 to 0.39. We shall now assume that. the. q6 shell grid used 

in. the profiles code represents the same number of equal thickness slabs of uniform 

plas~a. The slab thickness is given by 

a(l - t:.rmax/a) 

56 
2.26 cm , 

and the characteristic properties of these slabs are to be found in Chapter 4. 

(7.26) 

All the necessary information to . determine the fuel ·deposition profile of a 

pellet is now avai~able~ .. Based on. the pl_asma .. characteristics and the initial velocity 

and radius of the p~llet, Eqs. 7.12, 7.13 and 7.14 may· be eyaluated for the first slab of 

plasma encountered. The admittance factor is evaluated 1:).ased on the pellet radius at the 

entrance·to the shell, and the time of flight in the shell is found from the solution of 

the equation of motion, 

.·,c 

t f = (-x"""i'--x-:-+-t:. ~~~/~~-/_c_) -BI Ji + B/A) 

This is" valid for tf < A/B, the time required·. for total. evaporation.· 

: ' _:~t.t~ the. shel 1 e·xit .is ·th€n- .f.ound. fr9m. 

r 
0 

.. r . . 1. 
1 - B t 

A f . 

'(7.27) 

The pellet radius 

(7.28) 

and consequently the fraction of the pel~et mass deposited in the shell is 

The final velocity of the pellet is 

u = f 
+ D/C + x ) 
D/C + x. i 

1 

(7.29) 

B/C 
(7.30) 
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The fuel requirement profile of the reactor is 

(7.31) 

where Ci is the total fuel required in the i th shell, V .. ·is the volume of the shell, S is 
l. 

the diffusion source strength and Si 
ll 

. 3 
is the alpha production rate per cm in the shell. 

This is given in Fig. 7.1. For comparison several· fuel deposition profiles are shown on 

the same diagram. The conclusion that we wish to draw from these data is that it is 

possible to 'inject a solid fuel pellet to the reactor ·mass centroid and that by using_ 

a reasonable· combin~t~on of pellets, of several sizes and velocities, a fuel deposition 

profile of fairly arbitrary shape may be provided. 

Fuel Pellet Fabrication and Acceleration 

The subject of fuel· f•brication ·and the acceleration of fuel pellets to 

hypervelocities will be treated only briefly in this.· report. Experience has been 

obtained with smaller sized pellets, 1-10 µ in diameter .. Velocities in excess of 
. R 
10 - cm/sec have been ob"tained. Three possible techniques, all of which have been 

employed in hypervelocity impact st_udies, .will be. considered. The first of these, 

electrostatic acceleration of frozen droplets is actively being developed with fusion 

applications in mind. 7 This technique relies on the formation of a liquid jet by 

passage of the desired gas through a cryostat and carefully designe·d nozzle. Mechanical 

vibrations transmitted to the nozzle will cause the·jet to break up into. a series of 

droplets that 'are emitted. into an evacuated chamber and freeze due to the evaporative 

loss of the-heat of-fusion.· Char~e ·is then placed on. the resulting pellets, and an 

accelerating voltage is used to produce the desired high velocity. The acceleration of 

pellets larger than 1 mm in rad.ius in this manner will be quite difficult if this 

technique is employed, as the accelerating voltage required (see Fig. 7.2) will be very 

large. 

Hypervelocity projectiles in the 1-10µ range have also been achieved by 

relying on condensation shocks in an. appropriately designed _expansion nozzle. 8 This 

t~chnique involves the.acceleratiori of the gas.to.high veio~ity prior to the condensation 

point being reached. Yet another gas-based technology is involved in the use of a 
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11 d 1 1 d f d 1 d . ·1 9 so-ca e gas gun to acce erate an a rea y- orme so i pr0Ject1 e. Both of these 

techniques involve the inj~ction of a large amount of driver gas into the reactor system. 

This problem and its effect on reactor operation have not been considered. 

Discussion of Reacto.r Fueling 

It is apparent from the analysis presented here that providing a steady state 

supply of fuel for reactor operation is not going to be easy. We have demonstrated that 

if only the shielding provided by the outer layers of a ~acroscopic fuel peliet were 

considered, deep pentration could be achieved if a ~ufficiently large accelerating 

potential were provided. The effects of the.strong reactor magnetic ~ield and possible 

electrostatic effects have not been considered here and, if as 1 . d 3 .4 .c aime , large 

reductions in the evaporation velocity result from these .effects the problem will be 

alleviated. Other alternative~, however, must also be explored. 

Figure 7.2 shows that the fuel requirements of this device could be met by 

inj_ecting 300 l mm. pellets per ·second 6 at 5 x 10 cm/sec. The accelerating potential 

requirea to do this however would be in ~xcess of 100 million volts. We feel that this 

is beyond being a reasonable requirement. Although the velocity needed can and has been 

.achieved the difference between the 10 million volt accelerator which we have provided 

and the more than 100 million volts required represents the technological gap which has 

to be overcome if the expected beneficial effects of the magnetic field are not realized. 

1..f, 
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reactor. 

Chapter 8 

Magnetics 

u. R: Christensen 

Introduction 

This chapter covers the· b~oad aspe'cts of· the magnetic 'configuration of the 

The magnetics in a toroidal device can be divided into two distinct field 

systems, the ·toroidal and the poloidal systems. ··These two field systems are mutually 

orthogonal and can therefore be treated ·independently. 

To~oidal Field 

The toroidal confinement field· is a ·fundam~:ntal ·parameter of the reactor·. Its 

magnitude must . be as high as is technologically possible. Since normal··. conductors 

consume prodigious amounts of power, superconducting coils will be used for this purpose. 

The maximum flux density for reliable performance has beem assumed to be 16 

tesla (160,000 gauss) in conformance with the· present ·state of the art ·(see Chapter. 13). 

This maximum density will appear at the smallest inside radius of the coil system, 3.94 

·met.ers. The RB p·roduct of the toroidal field will lherefore be 63 (Tm). At the nominal 

plasma center of 10.5 meters, ther.efore~ the flux ·density· will be· 6 tesla (60,000 gauss). 

The total ampere-turns necessary to produce this field is 315 x 10
6 

amperes, 

and the enclosed flux is 1410 webers. ~h~ s{ngle turn self inductance is 

5.0 x l0-6 henries, and the mutual .inductance with the poloidai field coils is zero.· 'I'he 

magnetic energy stored in the toroidal coil system is 250 x 10
9 

joules. The size and 

shape of the tc;r'c:ildal · field coils are disci.J.ssecr ·in Chapter. 13. 

Poloidal Field· 

The Poloidal Coil System 

. There are th?:ee sets of poloidai ~oil~. ' The first. set provides for an· axial 

or vertic~l field that serves to hold the plasma torus in equilibrium; the second set 

helps guide the diverted field lines through the divertor, and the third set of poloidal 

coils provides for a copstant change of flux during the operating phase, which in turn 

produces a toroidal E field within the plasma to overcome the IR drop. 

In this study, the diagrams of the poloidal field lines are generated by 

filamental loops. This is true also for the plasma ring where the filamental loop is 
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situated at the centroid of the distributed plasma current. When using the proper 

distributed plasma_ current the geometry of the poloidal field lines would thereby be 

modified to some extent, but since programs that calculate the distributed current are 

still in the formative stage, it was deemed sufficient for this study to proceed with the 

filament approach. Ultimately, the geometry· of the poloidal field lines must be 

established on the basis of a properly distributed plasma current. 

The Vertical Fi·e·ld 
\, 

Tho vertical field co:i.ls are ~ocated around the plasma torus and as close to 

the torus as the shielding blanket will . permit (see Fig. 8.1). The main purpose of 

these coils is to providP. for an axial cross field that will exert an inward Lorentz 

force on the toroid.al plasma. current. This force is adjusted to be in equilibrium with 

the hoop forces of the plasma torus. 

Another purpose.of this set of coils is to establish a sta~nation point of the. 

separatrix on the inside of the plasma ring that will contribute to an inward force on 

the plasma. Since the arrangement is such that the radii of the coil~ are all greater 

than the radius of the stagnation ·point, this relation contributes· to a larger aspect 

rntio. · 

And finally, a third purpose served by the vertical field coils is to supply 

the main energy·for the ohmic heating of the plasma as well as to produce the plasma 

current by its inductive coupling. 

The necessary vertical field to keep the plasma in equilibrium is expressed by 

B 
eq 

Stability of the Plasma Ring 

I 
-R- ( ln 8R 107 (T) --a 

The stability wP. are concerned with here is the vertical stability and the 

radial stability of the ring. The plasma ring is vertically stable if dBv/dr is 

greater than zero, and it is radially stable if dB /dR is less than dB /dR. 
. v eq .. 

B is 
eq 

the necessary flux rlAnRity to keep the plasma in equilibrium. Mathematically stated we 

must have -
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to obtain the two stabilities {see figure below). 

8 

R 

744325 

By assuming the following·scaling laws 

I 

we have by differentiation 

as 
~ 

Setting 

numerically· dBeq/dR = 

Io = 

0.603 

1, 

x 

a o. 

R = Ro 
10-8and 

= 11.4" 

from tpe 

, and 

Ao = 3.2 

c·omputer 

R 
' 0 
~ 

-7 
10 (Tim) 

... 
' 

·and 800 1. 77 we have 

have 
.. 

dBv/dR 10-8 ; we = 0.276 

which tells us that the design is stable .. The vertical field is obtained by omitting the 

field contributed by th.e plasma current. This field pattern is shown in Fig. 8.2. 

Coil Arrangement and Ampere-Turns 

The location of the vertical field and divertor coili is largely determined by 

compromising the va~ious factori such as the uniformity of the field, the proximity to 

the plasma, and the compactness of the overall design. Once an estimate of the coil 

location has been made, a computer program optimizes the ampere-turns of the vertical 

tield coils. The factors thnt enter into this ·optimization, presuming the current 

centroid of the plasma current has been determined, are the location of the stagnation 

point or the separatrix, the strength of ·the vertical field, and the derivative of the 

vertical field with respect to the radius. One of the critical variables that must be 

maximized is the minimum radius of the separatrix. This dimension allows for the amount 
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of blanket thickness that can be placed between the Dewar of the toroidal field coils and 

the wall of the vacuum vessel. 

Table 8.1 provides the following information: 

Location of coil centroid 

Ampere-turns 

Cross-sectional area based on j 15.0 MA/m 2 

Number of turns, based on I = 10,000 A. 

Diverto~ Fi&ld Coils 

There are two: sets of divertor coils. Both serve to shape and guide the field 

lines near the separatrix. The m·ain. set guides the fie.ld lines intu a region that is 

available in the interior of the toroidal coil system. The other aet of divertor coils 

serves to maximize the smallest radi~l location of .. the sep~ratrix· by pulling the field 

lines toward them, thereby allowing as much space as possible for the toroidal field 

coils. 

Control Field Coils 

During the steady phase of the reactor operating cycle, the current in the 

plasma ring will require an E-field to compensate for the ohmic voltage drop. This 

E-field is obtain~d from a constantly changing f1ux passing through the center of the 

reactor. The poloidal coils that produce this field are located all around the exterior 

of the toroidal field coil system (see Fig. 8.~). Since the flux from these coils will 

be varying in strength, any stray field from these coils will upset the poloidal field 

pattern on the inside of the· toroidal coil system. It is therefore necessary that the 

fields produced by the sustaining field coils be zero or near zero in the inner region. 

By prescribing a certain NI distribution for these coils, this can be accomplished to any 

degree depending on the spacing of the individual coils. The variation of the NI 

distribution is done by a combination of variable spacing and a variablP. NI of Lhe coils. 

Table 8.2 gives the coordinate of the centroid of each coil and the NI necessary to 

produce one weber. 

Inductance Matrix 

The inductance matrix of the four coil systems is shown in Table 8.~. Fur a 

particular system these inductances are determined by assigning a fractional number of 

turns to each coil proportional to the NI of the coil adjusted to make the sum of the 

turns within a system equal to one. 
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Table 8.1 

NO R z NI/I NI a x b T 
m m MA m2 

1 6.8 3.7 -0.380 -5.548 0.370 555 

2 9.0 5.0 -0. 200 . -2.920 0.195 292 

3 12.0 5.0 -0.296 -4.322 0.288 432 

4 14.3 3.7 -0 .• 147 -:-2.146 0.143 215 

5 15.8 1.3 -0.135 1.971 0.131 197 

6 11.5 8.0 0.330 4.818 0.321 482 

7 5.4 3.9 0.157 2.292 0.153 229 

/ 
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Table 8.2 

No R z NI/t 
m m A/w 

1 2.5 0.5 40630 
2 2.5 1.5 40630 
3 2.5 2.5 40630 
4 2.5 3.5 40620 
5 2.5 4.5 40740 
6 2.5 5.5 40640 
7 2.5 6.5 43310 
8 2.6 7.5 42950 
9 2.93 8.43 33580 
10 3.48 9.26 22010 
11 4.28 10.05 10880 
12 5.40 10.63 14480 
13 6.72 11.00 7660 
14 8.23 11.10 4930 
15 9.95 10.87 3070 
16 11. 70 10.20 1780 
17 13.30 9.16 1240 
18 14. 75 7.65 923 
19 15.98 5.85 762 
20 16.88 3.72 659 
21 17.37 1. 30 628 
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23.44 
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12.81 

1.16 

Table 8.3 

Single Turn Inductance. Matrix 
(Microhenries) 

D v c 

7.58 12.81 1.16 

15.83 7.81 1.16 

7.81 13.96 1.16 

1.16 1.16 1.16 

o· 0 (J 0 

Single Turn Current Matrix 
(Megampere~) 

T 

0 

0 

0 

0 

5.03 

14.6 -33.88 14.25 64.0 315. 

Plasma 

Divertor Coil System 

Vertical Field Coil System 

Control Coil System 

Toroidal Field Coil System 

147 



( Chapter 9 

Choice of Materials 

F. H. Tenney 

The Question of Temperature 

As stated at the beginning of this report, our study has focused on the design 

of a first generation fusion power reactor. We therefore have tried to use materials, 

processes and techniques that were at hand or as nearly so as possible. One immediate 

question is what is the maximum design temperature for the reactor? High temperatures 

imply higher thermal efficiencies, less waste heat, more economy. High temperatures also 

imply materials that can retain their strength at high temperatures. The· refractory · 

metals, niobium, molybdenum and vanadium, immediately come to mind as possible 

candidates. Nb is useful at 1500°C. On the other hand there is only a limited Nb 

industry or technology at present for fabricating the large plates and tubes that would 

be needed in our reactor. The same is true for ~anadium. There is an industry for 

fabricating. molybdenum, but "moly" is notorious for unreliable welds. Thus it appears 

that the refractory metals are not yet available for large-scale construction. On the 

other hand stainless steel is available, is well known, strong, workable and weldable. 

True its useful temperature is limited tq about 640~C. The theoretical thermal 

efficiency obtainable with stainless steel is. therefore about 70% as compared to 

niobium's 85%. Thus the penalty in thermal efficiency for using stainless steel is not 

so great. Making a tentative choice of stainless steel as our principal structural 

material, questions other than temperature must be considered. 

Question of Tritium Breeding 

It has long been thought that the first fusion reactors would burn a 

deuterium-tritium mixture since of all the possible fusion fuels it has the lowest 

ignition .temperature and requires the least confinement time for the plasma. Since 

tritium is radioactive with a half-life of some 12 years, it does not occur naturally in 

·nature in; sufficient ·~uantity for use
1
in a reactor. To use a DT fuel, the reactor must 

breed its own supply of tritium. Our next design question, then, is how to breed the 

tritium. The known sources of tritium are the isotopes Li-6 and Li-7 via the following 

neutron-induced reactions: 

n + Li6 
+ He4 + T < 

n + Li 7 
+ He 4 + T + n 
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A common design scheme has been to use liquid lithium metal in the breeding blanket of a 

conceptual fusion reactor both as a breeding material and as a coolant. Our choice of 

stainless steel rules out this possible design since liquid lithiu~ corrodes stainless 

steel, particularly at the elevated temperatures contemplated. On the other hand the 

molten salt flibe, a mixture of F, Li and Be, is reasonably compatible with stainless 

steel. If then one wer~ to use flibe as a tritium breeding material, three further 

questions immediately arise, namely: will the breeding be adequate; how can one extract 

the tri'tium from the flibe; and can flibe be used as a coolant in the reactor blanket? 

We consider these question in turn. 

It turns out that a satisfactory breeding blanket can.be made with flibe (see 

Chapter 10). The F constituent in the flibe is ·detrimental to the breeding process sirice· 

it acts as a neutron absorber. However the Be constituent is a neutron multiplier and 

offsets the action uf the F. Uncertainty in the fluorine neutron cross sections creat~s 

an uncertainty in Lhe blariket's breedjng performance. 

The tritium can be readily extracted from the flibe since the TF formed is 

relatively insoluble. It is necessary, however, to remove the flibe. from· the blanket 

for the tritium extraction a~ discussed in Chapter 14. Envisioning a flow of flibe into 

and out of the breeding blanket, we come to the la~t question. Can flibe be used as 

coolant? 

Question of Coolant 

One of the peculiar as~ects of the coolant. question is the strong totoidal 

magnetic field that permeates the blanket. Hence any liquid metal or molten salt that is 

expected to flow radially in the blanket will constitute an electrical conductor moving 

across a magnetic field. Just as in an electric generator, an induced voltage will 

appear in the moving conductor, and, if possible, an electric current will flow. The 

current flow will produce a· drag ·on the mo·ving conductor. This drag manifests itself as· 

an increase in pressure drop nece~sary to pump a liquid wetal or molten Ralt a:cross a 

magnetic field. Perhaps more serious would be the possible generation of corrosive 

electrolytic action between the molten salt and the conduit walls. On balance it seemed 

to· us that we had better limit the flow of flibe to a 111.inirnum nnd, in t.ur·n, cool the 

flibe by some other means. Both water and helium come to mind as possibl"e coolants. 

The choice between water and helium rested on the questions bf :=;afety and 

tritium extraction from the coolant. In the ·event of a leak in the cooling tube, steam 

would r~act with the flibe, possibly producing corro~ive effects, whereas helium would be 
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inert. However, the .larger. concern revolved around the extraction of the tritium from 

the coolant . 

. Since the leakage of tritium from a DT burning fusion reactor is the principal 

hazard to the environment, great care must be exercised to keep this leakage low. Since 

tritium can leak through hot metals, the leakage path of most concern was from the flibe 

through the. cooling tube walls into the coolant and thence to the steam generators and 

the steam turbines. Once the tritium entered the turbine loop it would be difficult to 

ke'ep it from reaching the atmosphere. In the case of an emergency loss of plant load, 

the' high pressure steam would have to be vented somehow. If the tritium content of the. 

steam were too high, venting to the atmosphere would be prohibited. Thus, there is a 

premium on keeping the tritium in the primary cooling loop to.a minimum. 

To extract tritium from water involves an isotope separation of T from H. To 

e~tract tritium from helium is more straightforward. As discussed in Chapter 14, one 

can add a trace of oxygen to the helium to form T2o, adsorb the "water" on molecular 

sieves and eventually electrolyze it to extract the tritium~ There is no need for an 

isotope separation stage. On this point, then, helium as a coolant of the flibe was 

chosen over water. 

Question of Swelling 

The above considerations led us to the following choice of materials: 

stainless steel for the structural material, flibe for the blanket breeding material and 

he,lium as the· primary coolant. The design of the reactor vroceeded on this choice with 

the nagging observation that the expected swelling of stainless steel under large 

fluences of energetic neutrons might be as high as 50%! 
I 

This large dimensional change 

was particularly disconcerting in view of the expe~ted severe and rapid embrittlement 

that all structural materials were expected to.experience in a DT fusion reactur. As 

discussed .in Chapter 12, the embrittlement follows from the formation of helium in the 

metal as a consequence of (n, a ) react.ions made by the energetic neutrons. Consequen.tly, 

the discove~y that the steel, PE-16, had a markedly lower amount of swelling than 

stainless steel. led to chosing PE-16 as the structural material for the breeding blanket 

and interior structure~. Some properties of PE-16, flibe and helium, are shown in Tables 

9.1 through 9.3 and accompanying figures. 

Choice of Superconductor 

The choice of Nb3 Sn as -the superconducting- material was dictated largely by 

the choice of 160 kilogauss for the: maximum strength~_of ~h,e_ toroidal magnetic field. Of 
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the two readily available superconducting materials, Nb 3Sn and NbTi, only Nb 3Sn can reach 

such high fields and remain superconducting with reasonable current densities. Of 

course, not all the coil current elements operate in such a high magnetic field, but 

Nb 3Sn appears to be the cheaper material. It is true that NbTi has a larger allowable 

strain than _Nb 3Sn, but the mechanical design problems do not require the greater 

ductility of NbTi for their solutions. See Chapter 13 for a detailed analysis of the 

choice of materials for all superconducting coils. 

Choice of Shield Materials 

The last major choice of materials was for the shield. Such shields are 

nominally to be made of heavy shielding concrete, loaded with iron scrap.· The principal 

requirement for the shield is t~at it contain a high density of heavy metal· (for 

attenuation of energetic neutrons), hydrogen (for thermalization), and boron (for final 

neutron absorption). Heavy concrete satisfies this list and, in addition, is relatively 

cheap and easy to handle. 
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Table 9.1. PE-16 Data 

Property 

Density (g cm-3)- 20°c 
-660°C 

Specific Heat (watt ·sec/g 0c) 

Melting Range (°C) 

Electrical Resistivity 
(micro ohm cm)-2000C 

-7oo 0 c 

Coefficient of Linear Thermal 
Expansion ( 0c-l) 

Thermal Con~uctivity vs Temp. 
) 

Stress Ruptu~e Prop~rties 

a - Data for annealed material 

b - Data for fully heat treated material 

All data from: H. Wiggin and Co., Ltd. 

8.02 
7 .93 

0.544 

1310-1355 

b 
17.o x lo-6 

See Fig. 9.1 

See Fig. 9.2 

Publication 33498, Sept. 1969 
Hereford, England 



Table 9.2. Properties of Molten Flibe (47 mole % LiF) 

Property 

Melting Point (°C) 

Molecular Weight. 

Density (g ·cm- 3 ) 

Volume Expansivity coc- 1 ). 

C Heat Capacity (watt sec/g0 8) 
V' 

CP,Heat Capacity (watt sec/g°C) · 

Thermal Conductivity (watt/cm°C) 

Isothe~mal Compressibility 
(cm /dyne) · 

Vapor Pressure vs Temp. 

Viscosity vs Temp. 

Electrical Conductivity vs Temp.ct 

LiF-BeF2 Phase Relationships 

a - 700°C (1292°F) value 

b - Valid over range 363°c - 90o 0 c 

c - Factor of 3 ~ncertainty 

2.3 x 

Value 

363 

.36.90 

l.94a 

2.2 x 10_4a 

l.97b 

2.35b 

0.008 

10-12 exp ( l0- 3T K) 
c 

Fig. 

Fig. 

Fig. 

Fig. 

Ref. 

1 

2 

2 

'.3 

3 

3 

3 

9.3 

9.4 

9.5 

9.6 

d - The electrical conductivity of eutectic flibe has been taken equal to 
that of peritectic flibe. Peritectic flibe data are plotted Fig. 9.5. 

References: 

1 - ORNL-TM-4047, Dec, 1972 

2 - ORNL-TM-4076, D~c. 1966 

3 - ORNL-TM-2316, Aug. 1968 
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Table 9,3. Helium Property Data 

Density ( g· cm-3) 

C Heat Capacity 

P (watt sec/g°C) 

Thermal Conduct~vity vs Temp. 

Enthalpy vs Temp. 

Viscosity vs Temp. 

1.785 x 10-4 
1.663 x 10-4 

5.1953 

( o0 c, 1 atm) 
(2o0 c, 1 atm) · 

Fig; 9.7 

Fig. 9.8 

Fig. 9.9 
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Chapter 10 

Nucieonics 

W. G. Price, Jr. 

Introduction 

Each D-T. reaction in a fusion power reactor will produce a neutron with a 

kinetic energy of 2.25 pJ (14.06 MeV), 80 per cent of the fusion energy released. This 

chapter will consider the implications of this neutron production for the Princeton 

Fusion Reactor Reference Design. 

The most obvious consequence· is that a way must be found to stop. and capture 

the neutrons - both to obtain 
I 

their energy for the power cycle and to protect the plant 
) 

and its operators from the radiation load. A second (and far more important) consequence 

is that the tritium fuel to be consumed in the plasm~ can be produced within the plant by 

neutron-induced transmutations. 

To understand the magnitude of the nucleonic problems, consider that the 

neutrons are produced at a rate of 1.22 x 1021 per second, giving a nominaY current 

through· the vacuum wall of o. 781 x 1014 n/cm
2

• s (the total s.calar flux due to this. source 
14 . 2 

is about 8,66 x 10 n/cm ·s at the vacuum wall). The power carried out of th~ plasma by 

the neutrons is 2752 MW. The production of these neutrons entails the .consumption of 

tritium atoms at the same rate, corresponding to 0.527 kg per day. 

production rate of tritium in fission reactors - about 2 grams per 

Comparing this to the 

1 
1000 MWe per year -

shows the necessity of producirig this fuel within the fusion power plant. 

The basic concept of the fusi6n power reactor consists of a toroidal plasma 

chamber, bounded by a solid vacuum wall, and surrounded by a set of cryogenic 

superconducting magnets. To accommodate the neutrons, a tritium-breeding, 

energy-•bsorbing blanket and a ·shield are placed between the wall and the coils. A 

principal constituent of the blanket is the element lithium, with isotopes Li-6 and Li-7, 

which can be transmuted. to tritium .through th.e ·reactions Li-6 (n, T) He-4 and Li-7 

(n,n'" + T) He-4. 

Unfortunately, these are not the only neutron reactions. The neutron kinetic 

energy is transferred to the.blanket through a combination of scattering collisions and 

captures, producing high eriergy recoil atoms, which are the cause of radiation damage. 

Furthermore, the neutrons that are captured in materials other than the lithium cause a 

transmutation of nuclides, leading to shifts in ailoy composition, radioactivity in the 

structure, and release of high energy gamma rays. This latter is the only beneficial 
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aspect, for although it adds the problems of gamma transport and shielding, it 

constitutes a very considerable extra source of energy. 

Design of Blanket and Shield 

The blanket surrounding the toroidal plasma chamber must be designed to 

contain a large amount of lithium, to allow the easy extraction of heat energy and 

tritium, and to be self supporting under its gravity and vacuum loads. 

For the reasons described in Chapter 9 the blanket in the Reference Design is 

made up of molten flibe (mixed LiF and BeF2 ), PE-16 (a nickel-based structural alloy), 

and helium. This is taken to be an adequate design, not necessarily optimal but suitable 

for a first generation reactor. 

The main magnet shield, placed between the blanket and the magnets, is assumed 

to be a conventional heavy concrete shield containing extra iron and boron-bearing 

minerals . It essentially serves as a backstop for the blanket . In the central region 

where the divertor channel passes close to the magnets, the shielding problem is much 

more severe. Here , a special shield composed of iron and lithium hydride is used. 

The details of the physical design of the vacuum wall and blanket are covered 

in Chapters 11 and 12. Basically, this region consists of a large toroidal tank of flibe 

surrounding the main reaction chamber (except where gaps are left for plasma to pass into 

the divertor. (See Fig. 10 . 1 . ) The inner boundary of the blanket is a cellular wall 

containing no flibe because of the extra heat load it receives from the plasma X- rays. 

The coolant tubes in the blanket proper are closely packed adjacent to this wall and 

become more widely spaced as the distance from the wall increases. The thickness of the 

blanket (80 cm) was chosen to prevent the escape of all but about 1 percent of the 

incoming neutrons . 

For the purposes of the nucleonic studies of the Reference Design, most. of the 

heterogeneity of the blanket has been ignored; the relative proportions of the materials 

have been used to prepare a model with homogeneous materials in several regions. The 

volume fractions of PE-16, helium, and flibe in each of these regions (as calculated from 

the actual tube layout) are shown in Fig . 10 . 2 . This volume fraction profile of the 

blanket is assumed to be independent of the location on the torus . 

The vacuum wall, the cooling tubes, and the support structure in the breeding 

blanket are all made of the alloy PE-16, with the nominal composition: 

Nickel 43 . w/o 

Iron 

Chromium 

39. w/o 

18. w/o 
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Fig. 10.2 Schematic representation of 
the layered blanket.model. 
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MATERIAL 
COMPOSITIONS 

(WEIGHT %) 
-~·-·---

CONC~TE .. (6.0 Mg/m3) 
87.5% IRON 
1.0% BORON 

:0. 33% HYDROGEN " 
5.83% OXYGEN 
5. 34% :. OTHER .. 

·' 

ss~304 .,·"c 1. 8 Mg/m3) 
70. % IRON. 
i9. % CHROMIUM 
. 9 • 5% NICKEL . 
..1.5% MANGANESE 

FLIBE: (1.894 Mg/m3) 

53.1 mole % ~e F2 
46 •. 9 mole % Li F 
-. 

PE-16 
43. % NICKEL 
39. % IRON 
18. % CHROMIUM 
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The density of this material is assumed 3 . 
to be 7.81 Mg/m , corresponding to the mean 'tube 

wall temper~ture of 870 K (600°C). The molten flibe used is the eutectic, 53.1 m/o 

BeF 
2 

and 46.9 m/o LiF, with an assumed density of i.894 Mg/m3 corresponding to the mean 

temperature of 1070 K (80o'0 c). The helium coolant is treated as a void in the nucleonic 

studies. 

The blanket is terminated by· a 5 cm void gap and a 5 cm layer of polyethylene,. 

the latter serving as a minimal reflector for thermal neutrons leaking out of the 

blanket. The void space is provided for thermal insulation between the blanket and the 

shield and as a barrier to tritium migration 'into the shield, 

The main magnet shield sits between the blanket and the coils except in the 

critical central region. Its thickness will vary from place to place, depending on the 

actual coil locations, and in fact some of the vertical field coils may be embedded in 

it. The nominal thickness of 50 cm should provide an additional.attenuation factor of 

about 300 for the neutron flux. The use of concrete for this shield was suggested by·a 

number of factors: the desire to have a removable shield made of segmented, solid 

pieces; the irregular shapes required for this; the cheapness of concrete; the 

possibility of using:· it as a . structural component; and the known effectiveness of 

appropriate conpretes as radiation shields. 

The composition. chosen for the. main shield is _a homogeneous mixture 

corresponding to 5 v/o helium for cooling, 5 v/o steel for structural support, ca.nd 90 

v/o of Iron-Portland high density 
I ·. 2 

concrete. The latter is a special shielding mix 

loaded with iron punchings and dosed with boron. The nominal density is 6.0 Mg/m
3

, and 

the principal constituents are: 

Iron 87.50 w/o 

Hydrogen 0.33 

Oxygeri 5.83 

Boron 1.00 

Other 5.34 

It shou:ld be noted that it _is the performance, not the composition, of the 

shield that is important. The materials used were chosen to provide "large" amounts of 

iron (to stop gammas and high energy neutrons), hydrogen (to thermalize the neutrons), 

and boron (to capture the neutrons), but no attempt has been made to opti~ize the 

proportions. 

. ) 
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.In· the centra1 region of ·the reactor, the shie·lding problem is much more 

severe. The gaps in the blanket that allow the plasma to escape from the ~eaction 

chamber also allow large neutron and gamma currents to pass. Unfortunately, while the 

plasma will be pulled up into the divertor, the neutrons and gammas can be expected to 

hit the vacuum wall, just a~ ~ts closest approach to the ciyogenic superconducting 

magnets. Thus, the central region shield.needs to be designed for maximum attenuation 

with. minimum thickness. 

Working toward.the plasma·· from ·the magnet, this special shield consists of 2 

cm. of. lead (as ., a · gamma shield), a l· cm gap al.lowed for helium coolant flow, and a 

homogeneous mi~ture of. 45, v/o iron and.55·v/O· lithium hydride up to the vacuum.wall (or 

t~e back of. the blanket). There is assumed to be enough cooling to keep the temperature 

3 
of· the shi.P.lci low; so the material densities are taken· to be 11.34 Mg/m for the lead, 

7. 68 Mg/m 3 for the iron, and 0. 75 Mg/m 3 for the LiH .. Presumably, this shield would be 

constructed· with alternating layers of LiH and plates of (austenitic) iron. · 

r>istributton of Neutrons and Gamma Rays 

The suitability, from the nucleonic.standpoint, of the blanket and shields 

described above has been investigated in a series of numerical studies of.a simplified 

reactor model .. (The term nucleonic is used.because the concern is not centered on the 

fusion neutrons or their resultant gamma rays, but .rather on the interaction of these 

with the nuclei in the reactor materials.) 

There are three principal areas of concern to the nucleonic analysis. The 

first is the problem of deternining the amount of tritium produced in the blanket. It is 

obvious that a design cannot be acceptable unless the tritium production rate exceeds the 

consumption rate, and that the amount of the excess (to allow for process losses, sale, 

etc.) is an important factor in ranking competing concepts. This ratio of tritium 

·production to consumption ·is !mown as the tritium breeding ratio, T, and is equal to the 

average number of tritons produced per· D-T· source neutron. For the reference design 

reactor T is estimated to be 1.04, which would allow a doubling of the tritium inventory 

(without compounding) in four months. 

The second principal problem for the nucleonic analysis is to find the amount 

and distribution of energy deposition in the blanket. Through a series o~ collisions the 

2.25 pJ D-T neutrons are slowed down, transforming their directed energy into thermal 

energy in the blanket •. Furthermore, many of the nuclear reactions by which the neutrons 

are finally absorbed are exothermic, and in the reference design an average 1.48 pJ 
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(9.25 MeV) per D-T neutron is liberated in this way. Most of this· energy is initially 

released in the f9rm of gamma rays, which thus form a substantial part of the radiation 

flux in the reactor~ A side effect of the energy deposition process is a severe 

radiation damage problem. 

The third area to be considered .is the production of radioactiv.e nuclides in 

the reactor by· :transmutation of the original materials. The concern for ·this 

radioactivity depends on the half-life of the nuclides: very sqort-lived isotopes 

constitute a problem for the em.ergency cooling system; isotopes with half-lives of days 

or weeks constitute a hazard during routine maintenance operations; while isotopes with 

long half-lives will pose an ultimate waste disposal problem. Fortunately, the 

strbctural material used in the reference design has no extremely hazardous activation 

products (although some cobalt-60 and nickel-63 will prevent simple disposal), and there 

are, of course, no fission products to worry about. 

All of the nucleonic analyses will be based upon a series of calculations 

giv~ng the,..-,d~stribution of neutrons and gamma rays in energy and direction of motion 

throughout the blanket and shields .. Once this distribution is known, .any of the measures. 

of neutron or gamma ray interaction can be easily found by-multiplying it times the 

appropriate· reaction probability .and integrating. 

The distribution has been calculated by. application of a computer code that 

approximates the solution of the linear transport equation: 

(10.1) 

where ~. E, and g are the position, energy, and direction of motion, ~ is the particle 
I • 

distribution function, S is the source function, and the E's are the probabilities of 

interaction. This equation specifies the balance condition for the flow of particles 

through an infinitesimal volume, d
3 r d·E d2 

n f h ~· o p ase space. The computer code 

solves a finite difference, multigroup, discrete ordinates approximation: that is, the 

continuous phase space is partitioned into a set of spatial mesh intervals, energy 

groups, and angular ordinatesr and a difference equation specifies the balance in each of 

these partitions. The .resulting set (for the whole region) of coupled linear equations 

can be solved easily (in principle) on a digital computer. • 
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The code used in these studies is a Plasma Physics Laboratory variant of 

ANISN,3 a well known and widely used program for this approximation. (ANISN was obtained· 

from the Radiation Shielding Information Center at Oak Ridge National Laboratory, which 

has supplied much other valuable information.) The mo_sl.ifications 4 to ANISN have 

principally involv~d improvements in the input and output options to allow direct 

coupling with other codes. 

To c_onform to the one-dimensional capability of ANISN, the plasma, blanket, 

and main shield of the reference design have been modeled as infinite concentric 

cylinders, rather than as the layered non-circular toroid shown in Fig. 10.1. This 

introduces three sources of errors: 1) the source load on the first wall is a single 

nominal value; 2) streaming in gaps in the blanket is not treated; and 3) particle 

transpor_t in the doubly curved geometry is not properly treated. Nevertheless, the final 

flux distributions are probably more useful than these would imply. 

The neglect of the curvature of the axis of the plasma is justified partly 

because it is ihuch smaller than the curvature around ·the plasma but mostly be.cause it is 

self-canceling on the average: particles on the inside and outside of the reactor see 

the curvature y;ith opposite signs. Adopting the view that ANISN gives an "average" flux 

distribution also alleviates the other two problems since a varying normalization of the 

wall load can be applied to simulate variations in the source function around the minor 

circumference. 

The cylindrical reactor model is made up of thirteen concentric layers, each 

considered to be a homogeneous material. The materials and volume fractions composing 

each layer are listed in .. Table 10.1; these are converted to smeared atomic densities in 

Table 10.2. 

Particle transport through the layers is calculated by ANISN on a variable 

spatial mesh containing 116 intervals in the ·whole model. The number of intervals in 

each layer is also indicated in Table 10;1. Generally, the interval size is 0.5 cm near 

the layer boundaries, ranging up to 2 cm in the middle of· the layers. These dimensions 

conform to the following recoirur1endatiu11: 5 

6R near a boundary < 

where 
I; 

i:: 
g 

t "$ max i::J., and ,, 
j gg 

(10.2) 
ic for the same group. 
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. Table 
.. 
10.1. Material composition of the blanket model . 

Zone 
Number 

Inner . Thickness # of Compositiop. 
Radius . Interi/als (by volume %) 

2 3.60 m 0.06 m 6 16.4% PE-16, 83.6% Helium, 0.0% Flibe 

3 3.66 0.10 13 5 .. 7% II 21.2% II 73 .-1% II 

4 3 •. 76 0.00362 2 100.0% II 0.0% II 0.0% II 

5 3.76362 0.12 . 11 4.5% II 16. 7% II 78.8% II 

6 3;88362 0.00362 2 100.0% II 0.0% II 0.0%. II 

7 3.88724 0~20 16 3.8% II 14.2% II 82.0% II 

8 4.08724 0.00362 2 100.0% 0.0% II 0.0% ·11 

9 4.09086 o. 30552- 21 - 1.9% II. 6.9% II 91. 2% . II 

10 4.39638 0.00362 2 100.0% II ·0.0% II 0.0% II 

11 4.40 o. 04'75 2 VOID 

12 4.4475 0.0025 1 100.0% SS-304 

13 4.45 0.05 7 1.5% ss...:30~. 98.5% Polyethylene 

14Pil5 4.50 0.50 29f. 5.0% SS-304, 5.0% Helium, 90.0% Concrete 

Using: * * * * * * * * * * * * * * * * * * * * * * ~ * * * * * * * * * * * * * * * * * ~ * ~ 

PE-16 

Flibe 

Concrete 

Polyethylene 

SS-304 

@ 7.81 

@ 1.894 

@ 6.0 

@ 0.93 

@ 7.8 

Mg/m
3

; .4~~% ~ickel, 39.~ Iro~. 18.% Chromium (by weight) 

53.1% BeF
2

, 46.9% LiF_ (mole fra~tions) 

II 

i1 

II 

87,5% Fe, 0.33% H, ·1.03·~. 5.83% 0, 5.34% Other (by weight) 

Chains of (CH~),n 

9.5% Nickel,_. 70.% Iron, 19.% Chromium, 1.5% Manganese 

f-' 
-;i 
[\) 
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Table 10.2. Atomic densities (atoms/bn•cm) in the blanket model. 

Zone # 2 3 4 5 

Fluorine .o .034383 .o .037064 

Beryllium .o .011926 .o .012855 

Lithium . o .010533 .o . .011354 

Lithium-6 .o .000797 .o .000859 

Lithium-7 .o .009736 .o .010495 

Nickel .005650 .001964 .034450 .001550 

Iron .005387 .001872 .032847 .001478 

Chromium .002670 .000928 .016283 .00\)733 

Zone # 6 7 8 9 10 

Fluorine .o .038570 .o .042897 .o 

Beryllium .o .013377 .o .014878 .o 

Lithium .o .011815 .o .013141 .o 

Lithium-6 ,0 .000894 .o .000994 .o 

Lithium-7· .o .010922 .o .012147 .o 

Nickel .034450 .001309 .034450 .000655 .034450 

Iron .032847 .001248 .032847 .000624 .032847 

Chronium .016283 .000619 .016283 .000309 .016283 

Zone # 11 12 13 14-15 

l'lickcl .0 .007601 . 000114 .000380 

Iron .0 .058881 .000883 .053898 

Chromium .0 .017166 .000257 .000858 

Manganese .0 .001282 .000019 .000064 

Carbon .o .0 .0401 .o 

Hydrogen .o .0 .0802 .010755 

Oxygen .u .0 .0 .011858 

13oron .0 .o .o .003008 



174 

The smoothness of the calculated flux indicates that this mesh is !asily fine enough. 

The source of·neutrons from the plasma has been represented as a shell source 

adjacent to the first wal1 of the blanket. Since the fusion neutrons have kinetic 

energies near 2. 25 pJ, the source is concentrated in the· top group of the mul tigroup set. 

The normalization on the source is one neutron leaving the plasma, and the results are 

eventually scaled by the wall load. 

The angular distribution of the source has been obtained from a separate ANISN 

calculation. In this case, the one-group flux at the outside of an infinite cylinder of 

vacuum was determined based upon a distributed source of isotropic emitters located 

within the cylinder. The variation of the source strength with the radius (plotted in 

Fig. 10.3) is taken from the plasma condition profiles computed for a cylindrical model 

of the reference design (see Chapter 4). These profiles are expected only to approximate 

the actual plasma conditio.ns, because. they do _not ~ncorporate -~ny toroidal effects; but 

it is felt that th~ use of either a line source or .~ uniform source would be even less 

realistic. 

The angular distribution of the flux is .calculated in the·-S-N approximation, 

i.e., restricting the angle~ of motion to a discrete set. N was chosen to be 8, striking 

a balance between accuracy (S-4 is not. fine enough for deep penetration) and expense 

(S-8, in cylindrical geometry, .requires the treatment of 24 discrete angles). The nature 

of this quadrature·is illti~trated in Fig .. 10.4, while Table ·10. 3 contains the specific 

cosines and weights used· as input to ANISN. This table also contains th.e angular 

ctist;r;!bution of- the assumed shell source. 

The angular - distr~butioci cif the flux is affected. not only by the source 

distribution and the curved geometry but also by the anisotropy of scattering collisions 

in the reactor material. ANISN allows the expansion of the scatt~ring angle distribution 

in Legendre polynomials to describe this. The calculations for the reference design have 

used P-3 cross sections for both neutron and gamma scattering, this being commensurate 

with the S-8 transport calculations. 

ANISN treats the energy dependence of radiation transport in the multigroup 

approximation, requiring the input of scattering cross-section matrices for each material 

(and each Legendre order). The cross.sections used for the reference design take the 

appearance of a normal 73 group set, but are constructed to provide a directly coupled 

calculation of the transport in 52 neutron groups and 21 gamma groups. This is achieved 

by locating ·the gamma groups "below" the thermal neutron group, and treating 

neutron-'induced gar.una production like downscattering. The group stru'ctures for the 
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Fig. 10.3 Neutron source distribution 
from the plasma model. 
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fig· io.4 Rep<•'ent•tion of th• eighth• 
order angular quadrature. 
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Table 10.3. Parameters of the eighth-order Table 10.4. Gamma 21-group 
angular quadrature. energy structure. 

Direction R-Axis Direction Source Group Upper 
Number Cosine Weight at R=3.5m Number Energy 

1 -.9759000 .o .o 1 14-.-0 MeV 
2 -. 9511897 .0604938 .o 2 i2.0 
3 -.7867958 . 0453704 . .o. 3 10.0 
4 -.5773503 .0453704 .o 4 8.0 
5 -.2182179 .0604938 .o 5 7.5 
6 +.2182179 .0604938 .0000179 6 7.0 
7 +.5773503 .0453704 .0005788 7 6.5 
8 +.7867958 . 0453704. .0014033 8 6.0 
9 +. 9511897 .0604938 .0022083 9 5.5 
10 -.8164965 .o .o 10 5.o· 

. 11 -.7867958 .0453704 .o 11 4.5 
12 -'-.5773503 .0462962 .o 12 4.0 
13 -.2182179 .0453704 .0 13 3.5 
14 +.2182179 .0453704 . 0000719 14 ·3.0 
15 +.5773503 .0462962 .0013029 15 2.5 
16 ·+. 786.7958 .0453704 .00·24953 16 2.·o 
17 -.6172134 .o .o 17 1. 5 
18 -.5773503 .0453704' .o 18 1.0 
19 -.2182179 .0453704 .o 19 0.4 
20 +.2182179 .0453704 .0005143 20 0.2 
21 +.5773504 .0453704 .0029561 21 0.1 - 0.001 
22 -.3086067 .o .o 
23 -.2182179 .0604938 .o 
24 +.2182179 .0601938' .0041675 

Table 10.5. Neutron 52-group energy structure. 

Group Upper Upper Group Upper Upper 
Number Energy Lethargy Number . Energy Lethargy 

1 1. 4918 +7 eV -0.4 27 1.1080 +6 2.2 
2 1.3499 +7 -0.3 28 1.0026 +6 2.3 
3 1. 2214 +7 -0.2 29 9.0718 +5 2.4 
4· 1.1052 +7 -0.1 30 8.2085 +5 2.5 
5 1.0000 +7 0.0 31 7.4274 +5 2.6 
6 9.0484. +6 0.1 32 6.7205 +5 2.7 
7 8.1873 +6 0.2 33 6.-0810 +5 2.8 
8 7.4082 +6 0.3 34 5.5023 +5 2.9 
9 6.7032 +6 0.4 35 4.9787 +5 3.0 
10 6.0653 +6 0.5 36 4.!5049 +5 3.1 
11 5,4881 +6 0.6 37 3.0197 +5 3;5 
12 4.9659 +6 0.7 38 .2. 0242 +5 3.9 
13 4.4933 +6 0.8 39 1.3569 +5 4.3 
14 4.0657 +6 0.9 40 6.7379 +4 5.0 
15 3.6788 +6 1. 0 41 2.4788 +4 6.0 
Hi 3.3287 +6 1.1. 12 9.1188 +3 7.0 
17 3.0119 +6 1.2 43 3.3546 +3 8.0 
18 2.7253 +6 1. 3 44 1. 2341 +3 9.0 
19 2.4660 +6 1.4 45 - 4.5733 +2 10.0 
20 2.2313 +6 1. 5 46 1.6702 +2 11. 0 
2J. 2. 0190 +6 1.6 47 1.1442 +l 12.0 
22 1.8268 +6 1. 7 48 2.2603 +l 13.0 
23 1.6530 +6 1. 8 49 8.3153 +O 14.0 
24 1.4957 +6 1.9 50 3.0590 +O 15.0 
25 1.35~4 +6 2.0 ·51 1.1254 +O 16.0 
26 1.2246 +6 2.1 52 4.1399 -1 17.0 
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gammas and the neutrons are listed in Tables 10.4 and 10.5. Note that there is only one 

group provided for all neutrons with energies below 0.0663 aJ (0.414 eV), so that the 

interpretation of the "thermal" group flux depends on the nature of the cross sections 

provided. For the reference design calculations the dominant absorption cross section 

has been adjusted to represent interactions with a M·axwellian distribution at about 

1029 K (756°C); the thermal group flux is thus the total flux normalization for this 

distribution. 

An inconsequential limitation on the cross secti6n sets used is the 

restriction to downscattering only. Since the neutron and gamma energies of interest are 

so far above thermal, the only possible "upscattering" process would be gamma-induced 

neutron emission, as in the Be-9 (Y, n) 2He-4 reaction. The cross section for this is 

less than 2 millibarns, however, and the .neutron production (figured after the fact) is 

only about 0.15% of that from the (n,2n) reaction. Thus the neglect of this effect seems 

amply justified, especially in view of the great simplification of the transport 

calculations made possible by the downscattering-only structure. 

Most of the cross-section sets used in these caicuiations have been taken from 

a library
6 

provided to the Plasma Physics Laboratory in early 1972 by Dr. Don Steiner of 

ORNL; a few were assembled at PPL. With a few exceptions, these sets contain: a) 

52-group neutron transport cross sections collapsed with a CTR spectrum from the 

100-group library 
7. . 

DLC-2C (derived without resonance self-sh1elding from ENDF /B- II); 
8 

21-group gamma transport cross sections (produced by MUG ); and 52-group to 21-group 

gamma pr..oduct ion cross sect ions extracted from the data· collection DLC-12. 
9 

Given the cross-section sets, the atomic densities, and the source, ANISN 

calculates the scalar and angular ·flux distributions. Fig. 10.5 shows the neutron flux 

for the .reference design versus radius and energy in a 3-D projection. Figures 10.6 

through 10.8 show the flux in more conventional forms. (All of these have been 

normalized to the nominal wall load of 0.781 x 1014 D-T n/cm 2 • s, corresponding to 2752 

MW of D-T neutron power uniformly distributed on the walls of an 11.0 m by 3.6 m torus.) 

The neutron flux spectra at the first wall, in the middle of the blanket, and 

in the shield are plotted in Fig. 10.6. In Fig. 10.7 these spectra are integrated to 

show the fraction of the flux with energy greater than E. The CTR spectra are 

characterized by: a 14 MeV component (source streaming); a high-energy range fed by 

inelastic scattering; an intermediate-energy range with smooth slowing down; and a 

thermal.,...energy range showing the. effects of strong absorption. The lithium-6 in the 

blanket and the boron-10 in the shield cause the latter effect, which extends to 
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surprisingly high energies. The CTR spectra are notably broader than the "LMFBR" 

spectrum (from an FFTF mockup 10 ), due to the much higher-energy source and the moderating 

properties of the blanket. This implies that comparisons of neutronic effects based on 

total flux, or even flux above some cutoff, should be made with great caution. Reactions 

with very high thresholds will occur at a greater rate in a CTR, as will reactions with 

large thermal (l/v) cross sections; only those with significant cross sections in the 

intermediate range can be easily correlated to fast reactor total fluxes alone . 

Figure 10.8 shows the spatial dependence of the source group current and the 

total neutron scalar 

o. 781 x 1014 2 
D-T n/cm · s 

flux. Note that 

the total scalar 

for the nominal wall load of 

flux at the first wall is 
14 2 

8. 66 x 10 n/ cm • s (a ratio of 11.1 to 1). Al though the "14 MeV" current i s strongly 

attenuated in the blanket (by a factor of 2500), it can be seen that the fluxes in the 

lower energy groups are progressively flatter. This effect, due to the interaction of 

slowing down and leakage, leads to a softening of the spect rum in the outer parts of the 

blanket, and a greatly reduced attenuation of the total scalar flux. 

The thermal flux is highly peaked at the outer edge of the blanket due to 

back-diffusion from the polyethylene placed between the blanket an d the shield . This 5 

cm layer is approximately two thermal neutron diffusion lengths thick and shou ld be 

nearly as effective as an infinite layer in "reflecting" thermal neutrons back into the 

blanket . Its purpose, of course, is to increase the flux, and therefore the tritium 

production, in the blanket. An overall measure of the effectiveness of the blanket in 

stopping the neutrons is that the net leakage across its outer wall is only 0.0182 

neutron per source neutron. A comparable measure of the energy absorption is that only 

0.00609 pJ is carried out of the blanket by these neutrons. A comparison of these 

numbers shows that the average energy of the leaking neutrons is 0.335 pJ (2.09 MeV), 

confirming the efficiency of the thermal reflector. The neutron flux is further 

attenuated by the concrete shield . At r 5.0 m (the end of the main coil shield) the 

-5 
leakage is only 2 .6 x 10 neutrons per source neutron, with a mean energy of 0.25 pJ 

(1.54 MeV). 

The gamma fluxes in the reference design are shown versus space and energy in 

Fig. 10.9, while individual spectra from the vacuum wall, the middle of the blanket, and 

the shield are shown in Fig. 10.10. The energy distribution seems to be almost 

independent of position, with only small transients at the wall and the polyethylene 

layer. A comparison of the gamma flux spatial distributions with the neutron flux 

distributions shows a correlation with the thermal and near-thermal neutrons, 
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attributable to the thermal neutron.capture component of the gamma source. 

These gar'.lma flux calculations are unfortunately limited in their a·ccuracy due 

to the unreliability of the gamma production cross sections being used. _In part~cular, 

there are no (n,y) production cross sections for fluorine, no (n,n~Y) production cross 

sections for manganese, and no gamma produc·tion cross sections at all for beryllium. 

Thus: the magnitude of the gamma flux is certainly underestimated, although the spectrum 

(in these broad groups) is probably not too bad. 

Since the nucleonic calculations are all normalized to a nominal average wall 

load, some comments about the true wall load distribut_ion are in orde_r. The flux and 

current of D-T neutrons at the first wall can be calculated from the fusion reaction rate 

distribution by tracing straight-line trajectories to the- wall. Unfortunately the 

process of ray-tracing and wall interception is rather difficult in the odd geometry of 

the reactor, and the source depends in a cbmpiicat~d (ahd still uncertain) way on both 

the major radius and the height above. the mid-plane. 

Tj:le curves in _Fig. 10.11 show the estimated distributions of the cu_rrent and 

the · flµx of .DT neutrons at the first· wall. The "wall load" may be taken to be the 

current, which is close to nominal at the· high point of the wall (major radius 

R = 11. m), peaks ~bout 10% higher at the mid-plane (R = 11.6 m), and falls to about 

one-half nominal near the divertor. The peaking of i~e current but falling off of the 

flux near R = 11.6 m indicates that the neutron distribution is more nea.rly perpendicular 

to the wall in this region, and hence more penetrating. 

Resulti of Nucleonic Analysis 

Once the neutron and gamma distributions have been calculated, they can be 

combined with-various cross sections to obtain the reactfon rates, ·etc., which 

characterize the dSsign. A basic check on the-consistency of the neutron distribution is 

provided by balance tables showing the production (Table 10.6) anq absorption (Table 

10.7) of neutrqns in the blanket. 

These tables are normalized to an external source of one DT neutron and 

indicate the :net leakage into the shield of only 0.0182 neutron per source neutron. 

Within the blank~t, how~ver, 0.2801 extra neµtrons are produced by (n,2n) reactions. 

Most of these occur in the beryllium, because of the unusually low threshold (only 1.85 

MeV) in its cross sections. The (n,2n) reaction rate falls off faster than the total 

flux, r~flecting a dependence on the high energy component of the flux. 

The absorption of neutrons, which must balance with the source, production, 

and leakage, is dominated by lithium-6. This is clue to its very high (n,a)T cross 
.- - { 
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• 

Zone 
Numbe_r 

2 

3 

4 

5 

6 

7 

8' 

9 

10 

All 

\ 

Table 10.6. Neutron sources in the blanket (per source neutron). 

Neutron production by (n,2n) reactions 

* * Fe Cr Ni Li-6 Li-7 Be F Sum 

.024201 .006275 .001352 .o .o .o .o .031828 

.007021 .001794 .000382 .000550 .00~035 .109665 .018732 .124447 
J 

.00243& .000614 .000129 .o .o :o .o .003178 

.002106 .000526 .000110 .000252 .002183 .065049 .007945 .070226 

.000748 .000185 .000038 .0 .0 .o .0 ~000971 

.000705 .000173 .OOOb35 .000116 .000955 .. 036983 .003387 ,038967 

.000117 .000028 .000006 .o .o .0 .o .0001'51 

.000060 .000014 .000003 .000025 .000196 .010017 .000668 .010315 

.000606 .000002 .. 000003 .0 :o .o .o . 000011 

.037399 .009611 .002058 .000943 .008369 .221714 .030732* .280094* 

* The ~luorine (n,2n) reaction was not incorporated in the neutron balance 

Net In
Leakage 

.043915 

.232687 

.013257 

.268121 

.008132 

.277695 

.002779 

.133689 

.001406 

.981681 
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Table 10.7. Neutron sinlrn in the blanket (per source neutron) 

Neutron loss by ahRorption re;i.ctions 
(Source 

Zone -Sink 
Number Fe Cr Ni Li-6 Li-7 Be F Sum .;.Sink) 

2 .021592 .010600 .043341 .o .o .o .o .075533 +.002780 

3 .009189 .004666 . 019458 .269370 .001048 .012482 .041053 .357266 - .. 000369 

4 .004528 .002370 .009513 .o .o .o .o .01.6411 +.001462 

5 .005220 .002782 .910666 .282892 .000537 .008273 .027899 .338269 +.000231 

·6 .002599 .001409 .005076 .o .0 .o .o .009084 +.002092 

7 .003391 .001849 .006340 .282286 .000314 .005084 .017368 .316632 +.000095 

8 .0.00883 .000485 .001555 .o .o .o .o .002923 +.002395 

9 .000602 .000325 .001026 .135383 .000126 .001466 .005042 .143970 +.000236 

10 .000565 .000205 .000644 .o .0 .o .0 .001414 +.002122 

All .048569 .02469i .097619 .969931 .002025 .027305 .091362 1. 261502 +.000216 
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section and is quite desirable. Note that the total absorption is 1.261~ neutrons per 

source neutron, with 0.1709 going into the PE-16 and 0.0914 into the fluorine. It is 

this parasitic absorption that. imperils the tritium breeding and makes the secondary 
( 

neutron production so important. 

The precise neutron balance in 1;hese tables reflects the precision of the 

calculational methods applied to data of uncertain accuracy. In addition to the problem ' 

of variation in· the cross sections, there are two factors that would affect the neutron 

balance but which 'ha~~ n6t been incorporated in these cal2ulati6ns. The first is that 

the (n,2n) reaction in fluorine was not. incorporated in the transport cross sections, so 
. ) 

that advantage has not beeri ~aken of an ·estimated 0.03 secondary neutrons per source 

ne~tron. The second is that resonance self-shielding factors were not applied to the 

PE-16-. cross sections, so-that the -parasitic absorption has been. overestimated by a few 

percent. Rather than revise all the various other reaction rates to reflect the greater 
. . 
availability of n_eutrons, these effects: have been mentally reserved to offset any 

detrimental fact~rs which may have similarl~ been left out. 

The mbst ·important result of. the neutron· distribution an·alysis is. the blanket 

tritium bre~~ing ratio. This is found by evaluiting the (n,T) reaction rates in Be, 

Li...:6', and Li.:...;r" from the cross sect·tons p·lot ted in Fig. 10. 12. · Table 10. 8 shows the 

tritium.produ~iion by-material and zone, with a total of 1.067 tritons for each neutron 

that strikes the blanket. (To obtain the net reactor breeding ratio a small reduction 

will be mide to account for DT neutrons that miss the blanket.) 

Tritium is produced_ principally. through the reaction Li~6 (n,T) He-4, which 

has a large l/v thermal cross sectio~ (940.25 barns at 0.025 eV) and a resonance peak -of 

2.71 barns at 247 keV. As Fig. 10.13 shows, this reaction .falls off through the blanket 

with the flux but rises sharply at the back wall, due to the thermal flux peak in the 
I 

polyethylene reflector. Only about 0.0073 tritons per neutron are produced in that flux 

peak, however, so that the reflector turns out to be of little value. 

Since the tritium production in the Li-6 alone is insufficient to maintain 
\ 

the fuel supply, the contribution of the Li-7 is very important. The pertinent rea~tion 

here is Li-7 (n,n~ + T) H~-4, i.e., ine~astic scattering and disintegration of the target. 

There is a threshold in this cross section at 2.82 MeV, so that the Li-7 is most 

effective in the region of hardest spectrum near the first wall. An importan~ feature of 

this reaction is that the neutron is not absorbed; it is still. fre·e to slow down and be 

captured by the Li-6. Thus while the Be provides not quite enough extra neutrons to 

compensate for parasitic losses, the Li-7 provides enough bonus tritium to enable 

successful breeding. 
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Table 10.8. Tritium production in the blanket (per source neutrQn). 

,......_ 

Zone I3e Li-7 Li-6 Total 

2 '· .o .o .o .o 

3 .001996 .048669 .269238 .319903 

4 .o .o; .o ;O 

5 ;000814 .026913 .282809 .310536 

6 .o .o .o .o 

7 .000334 .014497 .282238 .297069 

8 ·~ b . .o ; .o .o 

9 .000063 .003742 .135369 .139174 

10 .o .o .o .o 

All .003207 .. 093821 .969654 1 .. 066682 
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The gross blanket breeding ratio must be reduced slightly because of the 

divertor channels that pass through the blanket; obvi9usly any DT neutrons that pass 

into these will not produce any tritons. The fraction of neutrons lost in this way can 

be estimated by considering a point near the plasma center as an isotropic em~tter and 

finding the solid angle subtended by the divertor ~hannels; For the reference design 

this angle is relatively independent of the chosen reference point and indicates a loss 

of about 2% of the DT neutrons. Making an additional allowance of 1/2% for neutrons lo"st 

in the injection ports, etc., gives a net blanket source of 0.975 DT.neutrons per fusion. 

Multiplying this by the gross multiplication yields the nominal blanket breeding· ratio of 

1.040 trito~s per fusion. 

The breeding of tritium implies a conse.qu~.nt consumption of .. the lithium in the 

blanket as a fuel. The loss rate in this reactor is about 1.003 kg of lithium-6 per full 

power day; operation for the proposed 30 years at 3/4 load factor will consume 8 .. 24 Mg of 

lithium-6. ·The nominal blanket composition can be maintained by a daily feed of 1.10 

kg/day of lithium enriched to 92% in lithium-6; however, it is not clear thit this is 

the most economic scheme. Alternatively, the initial loading of flibe might be enriched 

to 10.2% and allowed to burn out to 4.8% without adding any lithium; this would trade 

"capital" charges against "fuel" charges. The exact strategy of lithium-6 replenishment 

will have to wait for a more detailed economic analysis of the supply of lithium. 

The uncertainty in the breeding ratio has so far been assessed only very 

roughly. First, since the Li~6 (n,T) cross. section is known very well its variations are 

neglected. Next, a 20% uncertainty i~ the parasitic loss cross sections could produce a 

±0.058 variation in the number of Li-6 tritons, while a 20% uncertainty in the Li-7 

(n,n' + T) cross section would cause a ±0.019 variation in the Li-7 tritons. Finally, a 

20% uncertainty in the Be(n,2n) cross section wo~ld lead to a triton variation of ±0.034. 

TakinK the square root of the sums of the squares of these suggests an uncertainty of 

about ±0.076 in the 1.067 breeding ratio. This indicates that the reference blanket 

design is marginal and only conditionally acceptable, but the sensitivity·results 

presented below show that the condition of successful breeding should be.easy to meet in 

a more refined blanket design. 

A program named SWAN11 has been written to calculate, by variational methods, 

the wo.rth in a blanket of specified materials and to allow optimization of the blanket 

composition according to those worths; ANISH is used as a subsidiary module to calculate 

fluxes and importance functions with respect to a desired nucleonic property (e.g.,. 

tritium production rate). The effect on the breeding .ratio of small changes in the 
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blanket. composition haye"been evaluated wi'th. SWAN and are shown"iri .Figs. 10.14 and 10.15. 

The ·"effectiveness function" measures the sensitivity of the breeding ratio to small 

changes in atomic density; when multiplied by a density change distriqution and 

integrated over volume it predicts the corresponding breeding ratio change. Thus, for 

example, the predicted effect of a 1% increase in the fl.ibe density is an increase of 

0.00173 in the breeding ratio. 

More useful in evaluating material changes is the "replacement effectiveness 

function'' that measures the sensitivity to material substitutions. It is.evalU~ted by 

multiplying the effectiveness function. of the substituting material by the ·ratio of 

new/old atomic densities and then subtracting from this the effectiveness function of the 

material being removed. Figure 10.15 shows the importance of the blanket regions nea·rest 

the plasma and the insensitivity of the deeper regions, the benefits of replacing flibe 

with'beryllium, and the detrimental effect predicted for substitutions of graphite. (Th& 

·latter surprising effect is explained in the following manner: graphite has been u~ed in 

most planket designs to compensate for the low stopping power of molten lithium, but this 

function j_s provided by the fluorine in the flibe; thus graphite would effectively only 

decreases the lithium-to-structure rat~o.) Results.like this from SWAN will be used to 

investigate ways of boosting the tritium breeding ratio. 

Blanket Heating 

The second principal reason for performing the nucleonic analysis is to 

determine the blanket heating rate and distribution. The total amount of heat prodµced 

per i:i.T neutron, which strongly influences the desired fusion reaction rate, will depend 

on the blanket materials and arrangement. Furth·ermore, the provisions for energy removal 

(e.g.,;. the cooling tube p_attern and 

heating d:i.strib.utiori.. 

' 
the helium'flow rate) must be matched to the actual 

Fluence-to-kerma (~inetic ~nergy ~eleased in materials) factors have been·used 

to c:lerluce the total and local ener~y deposit ion in the blanket from the neutron and ga·mma 

·fluxes. Microscopic kerma factors are calculated as the product of a neutron (or gamma) 

interaction cross section times the mean kinetic energy of the resulting particles; when 

multiplied by the material density they therefore give the probable energy deposition 

rate (i.e., power) density. 

Most of the kerma factors used in this study were obtained from Dr. Don 

Steiner of ORNL along with his basj.~ ~ross section library. 6 (The neutron kermas were 

based on the work of Ritts, Solomito .• and S 
. 12 

teiner; the gamma kermas were based on 
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standard photon interaction models.) Since kermas were not available for all the 

constituents of PE-16, heating rates in this material were calculated as though it were 

100% iron. (Because the kerma factors for nickel are expected to exceed those for iron, 

this sh6uld' lead to an underestimate of the total energy depositio~). 

Although the use of kerma factors with the flu~es is quite straightforward, 

the resulting total power and power distributions may have somewhat reduced accuracies. 

One source of error in the total power may be a failure io maintain energy conservation 

when calculating the gamma production cross sections (in particular, it is suspected that 

energy is "produced" by.the fluorine cross sections). Even when total energy is 

conserved, it may be improperly distributed. Thus, for example, some cross sections 

provide for no gamma production, but do incorporate the appropriate capture energies in 

the neutron kerma factors; consequently localized heating is overestimated. Despite· 

these qualifying comments, the heating calculations are felt to be sufficiently accurate 

for this stu_dy. The excess of total energy over the kinetic energy of the source 

neutrons is principally determined by the neutron capture reactions and. seems reasonable. 

The ratio of flibe heating to structure heating is probably high, but the combined 

heating distribution (which determines the cooling tube layout) should be fairly good. 

The calculated total blanket power is 4562 MW, o{ which 2752 MW is due to 

thermalization of the kinetic energy of the DT neutrons, while 1810 MW is released by 

mass conversion during neutron absorption. These figures correspond to a release of 

3.734 pJ per 2.25 pJ source neutron, an energy multiplication of 1.66. Of thls total, 

2.717 pJ are deposited in the flibe (1.81 pJ from neutron interactions plus 0.91 pJ from 

gammas) and 1.016 pJ are deposited in the PE-16 (only 0.16 pJ from neutrons and 0.85 pJ 

from gammas). 

The calculated power production densities in flibe and PE-16 are shown as 

functions of depth in the blanket in Fig. 10.16. These have been ~ormalized to the 

14' 2 nominal wall load (current) of 0.781 x 10 · DT neutrons/cm ·s; the esti~ated wall load 

distribution f~om Fig. 10.11 can be used to adjust the power density profiles at 

different wall positions. 

Capital cost considerations provide an obvious incentive to increase the power 

component resulting from neutron absorption. Less obvious are the incentives to keep the 

breeding ratio from exceeding its required value: first, overproduction of tritium 

implies substantial handling and storage problems; second, stored tritium decays away. 

Assuming excessive breeding is achievable (e.g., through the use of beryllium as a 

neutron multiplier), there is consequently an interest in being able to increase the 
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parasitic absorption: t.rit ium may be traded for . energy by controlling the neutron 

absorption. In particular, since neutron capture by sodium releases an unusually large 

amount of energy (1.115 pJ (6.96 MeV) from the capture itself and 0.750 pJ (4.68 MeV) 

from the subsequent decay) it is suggested that breeding be limited by the incorporation 

of sodium in the blanket. This should be easy to do, since NaF apparently can be added 

to the flibe with no adverse aff~ct~, giving a LiF-NaF-BeF; m6lien salt blanket. 

Although most of the neutron-derived reactor power is developed in the 

blanket, a small fraction appears in the concrete shield, and a tiny but important part 

in the coils. The heating of the main concrete shield is calculated (using kerma factors 

as before) to be 55 MW, roughly 1% of the reactor power. ·About 3/4 of this is suppli.ed 

by the gammas· leaking from the blanket, since most of the neutrons are absorbed in the 

boron and release only 0.447 pJ each. Heating rates beyond the shield should be 

negligible. 

Knowledge of the heat load on ~he various coils is important because of the 

expense of cryogenic refrigeration. The component of the heating due to radiation 

leakage. has. been estimated, as before, using kerma factors and the flux at a depth of 50 

cm in the shield (roughly the closest approach of the coils to the blanket). The power 

den~ity in ~olid iron at that point would be about 180. W/m3. Applying this (with a 

metal. volume fraction of 90%) to the total volume of the vertical field coils gives a 

heating ~ate of 24 kW. .Similary an additional 4 kW heating is estimated in those parts 

of the toroidal field coils that.pass close to the blank~t. The principal heat load, 

however, appears to be dui to leakage through the special shielding where the divertor 

approaches the toroidal field coils. This shield (discussed below) is very thin and 

allows an estimated load of 63 kW on the coils. The total radiation heating of the coils 

is thus about 91 kW, ··which must be removed at an "efficiency" of 300: 1 by the .cryogenic 

refrigeration system. 

Radiation Damage 

It is obvious that radiation damage will pose a severe problem for the 

structural materials in the blanket. A number of damage indices have been computed from 

the neutron flux distribution, for use in the mechanical design process. The 

implications of this radiation damage problem are discussed in Chapter 12. 

The most obvious indication of the magnitude of the damage is the flux level, 

0.866 x 
15 2 

10 n/cm • s at the first wall. This is an order-of-magnitude higher than 

typical flux levels in ::i. fission reactor (due mainly tci the order-of-magnitude reduction 
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in energy release per neutron). The. first wall fluence after 30 years' operi;ttion at a 

3/4 load factor would be 6.15 x 1023 n/cm2 far exceeding most material test 

irradiations. Furthermore, as shown in Figs. 10.6 and 10.7, the spectrum is very broad, 

with both high- and low-energy components. 

Most radiation damage analyses have attempted to correlate the damage against 

the flux of neutrons with energies exceeding some appropriate reference value. In order 

to make use of this type of correlation, partial fluxes of this kind have been calculated 

and normalized to the total. flux; in Fig. 10.17 these flux fractions are plotted versus 

blanket position for the commonly used reference energies of 13.5 MeV, 3.68 MeV, 1.0 MeV, 
I 

and O.~ ~eV. (The partial fluxes are obtained us the product of the total flux times 

this fl.ux fraction). Also shown is the average energy of the neutron spectrum. It can 

be seen that the high energy component of the flux is decreasing faster than the total 

flux, but even at the rear of the blanket the high energy component is still quite large, 
12 2 

about 10 n/cm ·s for E >0.1 MeV. The hardening of the spectrum at the front of the 

shield is due to the sudden depletion of the lower-energy flux and the transient to the 

new "typical" spectrum, as seen in Fig. 10.5. Since the total flux drops considerably in 

the shield) radiation damage may not be a significant problem there. 

Another index of radiation damage that is used to correlate test results is 

the concept of "Displacements Per Atom", the average number of times an atom is displaced 

from its lattice position. Atoms may be knocked loose either directly, as the result of 

interaction with high-energy neutrons (becoming "Primary Knock-on Atoms"), or indirectly, 

in cascade chains recoiling from these PKA'S. 

Doran
13 

has calculated energy-dependent "displacement cross sections". for 

iron, chrumlu111 and nickel, using ENDF /B cross sect j nns for the PKA' s and slowing down 

models for the cascades. When multiplied by the atomic density and the flux and 

integrated over energy they give the DPA per unit time. This has been done using the 

calculated bJ.;:i.nkP.t flux and densities appropriate to PE-16, to obtain the estimated DPA 

per year shown in Fig. 10.18. A similar calculation for a stainless steel structure 

gave practically the same distribution, with a peak of 27.2 rather than 26.8 DPA/year tor 

PE-16 a~ the fir~t wall. Note thut tho die;placement rate falls off by almost three 

orders-of-magnitude through the blanket. 

The final damage characteristics calculated are the production rates of 

hydrogen and helium in the structure. Since most (n,p) and (n,a) reactions have high 

thresholds, the interstitial production of these gases is expected to be a very much more 

severe problem for a fusion reactor structure than it has been for fission reactors. 
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Figure 10.18 also shows the expected atomic parts per million of H· and He in the blanket 

structure, calculated with ENDF/B-II cross sections for the (n,p) and (n,a) reactions in 

nickel, iron and chromium. Both distributions fall off quickly through the blanket in 

the same way that' ·the highe_st...:'energy component of the flux falls off. 

The hydrogen production has a~ extraordinary peak of 1296 PP.ID (2.9% after 30 

years); it is presumed, however, that .it will' quickly diffuse out of the metal. On the 

other hand the. helium will probab'ly·: be ·trapped, and thus its production is of .major 

concern. The peak rate is 275 ppm/year at the first wall, more than an ord·er of 

magnitude greater than current experience. As if this were not bad enough, there is 

concern that substantial additional amounts may be produced by reactions other than the 

direct (n,a. ) . 

Special Magnet Shield 

The problem of shielding the toroidal .field coils where the divertor swings 

past was raised earlier, in connection .with coil h·eating rates. Radiation damage to 

these coils is potentially a much more serious problem. Neutron penetration through a 

po~sible ~hield has been analyzed for a preliminary version of the· reference design 

' 
reactor model; it' is felt that the models are sufficiently similar that the analysis is 

still valid, . . , 
On the inside of the reactor the TF c~ii~ lie between 3.15 and 3.95 m major 

radius; tlie wall of ·the divertor is at 4; 30 m. ·The' 35 cm between· is divi,ded into: a) 5 

cm of thermal insulation for the cry·ogenic coil; b) 2 cm of lead at, 11.34 Mg/m 3 for 

garrima shielding; c) 1 cm for a helium coolant channel; and d) 27 cm of actual shield. A 

homogeneous shi~ld region was taken to consist of 45 v/o iron (at 7.68 Mg/m 3) and 55 v/o 

lithium hydride (at 0.76 Mg/m 3) for the flnx calculation. Although these propqrtions 

have not been· optimized for this specific problem, they should provide excellent 

attenuation of high energy neutrons. and absorption of slow neutrons. 

A P
3 

s
8 

calculation of the transpor~ into an infinite cylinder with.this 

composition was performed, using the.following realistic (but imprecise) two-part source. 

One source component ·was· obtained· by estimating t·he direct load of DT fusion neutrons 

streaming up the divertor; the other had the spectrum of the flux at the first wall of 

the blanket and was normalized 

divertor op~nin~. 

The calculation 

which 4.3 x 

gives 

10
11 

using the blanket albe~o and the shadowing eff~~t of the 

a total flux level of 7. 7 x 10:).l n/cm2 • s at the coil 

is due to neutrons with energies over 10 keV and face, of 
11 

1.0 x 10 is due to neutrons with energies over 1 MeV. The implied 



.E > 10 keV fluence 19 2 
of 1.3 x 10 n/cm per full power year. will 

increases in the resistivity of the normal-conductor substrate of the 
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cause significant 

coils14 and may 

affect the superconductor itself. The uncertainty about these damage effects puts strong 

pressure on the reactor designer to increase the .thickness of the special divertor 

shields (despite their expense). Because of the short relaxation (e-folding) length for 

the flux in this shield (about 7 cm) any such increase would greatly reduce the potential 

problems. 

Induced Radioactivity 

The last major topic of this chapter on nucleonics will be the transmutation 

and radioactivation of the materials in the blanket. Concern about afterheat problems, 

personnel exposure and eventual waste disposal require an evaluation of the inventory of 

radioactive materials in the blanket. A Transmutation Chain Analysis·Program. (TCAP) 15 

has been written to solve the production and decay equations .for the large number of 

nuclides involved. 

Using standard notation;.·this basic equation .for each nuclide, i, can be 

.written 

{10.3) 

The full set of these equations can be represented by a single matrix equation, 

E;l. N .(10.4) 

where the vector~ (t) is composed of the nuclide densities at time t and M is 

a constant transfer matrix. 

isl6. 

The formal solution· of such a matrix differentiai equation 

.!i ( t) P.Xp (E;lt) !i( 0) 

using the definitio~ of the matrix exponentiai 

exp (~t) - l + M t + M t 2 + 
l! = 21· 

(10. 5) 

(10.6) 
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Approximate nuclide densities at intervals of.ilt can be found by accumulating 

the sum 

exp (l':'!,ilt) (10.7) 

until ~11 the el~ments of the K-th term are sufficiently small, and theb using the 

recursion relation 

N (milt) exp ()':'!flt) N ( ( m-1) il t) (10.8) 

A practical .problem with this procedure ·is that the series for ·.exp (! il t) will converge 

very slowly if any of the elements of C!ilt) are large, or effectively if any of the 

nuclides have half-lives much shorter than il t • 

To. avoid ·this. problem while still allowing the specification of· arbitrary data 

to a generalized program, a special screening process has been built into TCAP: nuclides 

with very short half-lives are set aside to be treated at each time step milt as being in 

equilibrium with their precursors. A transfer matrix is formed for the remaining 

nuclides, and then densities at each time interval are found by applying first the matrix 

exponential and then the equilibrium equations. Decay rates and decay powers for each 

nuclide are obtained from these densities. 

Separate calculations have been performed for the PE-16 structure and for the 

fHbe. Only the major constituents. of th~ flibe - Li~6, Li-7, Be-9, and F-19 - are 

assumed present initially. The composition of the PE-16 supplie.d to TCAP includes a few 

of the minor constituents neglected in the flux calculation: the composition by weight 

is 43% nickel, 35% iron, 17% chromium, 33 molybdenum, 13 titanium, artd 13 aluminum. All 

the stable isotopes are assumed in their proper proportions. 

TCAP calculates single~zone homogeneous densities using a one-group, 

volume-averaged flux. Accordingly the cross sections must be energy-averaged by 

weighting with the flux spectral dfstribution and also volume-averaged by weighting with 

the material density and total flux distributions. For the flibe calculations, each 

6ross section was weighted with the flibe volume ~raction distribution in the blanket; 

for the PE-16, each was weighted with the structure volume fraction ddstribution (as used 

in the transport calculation). The blanket averaged densities were then initialized to 
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total mass divided by total volume. The volume weighting of the cross sections of the 

second-generation nuclides with the PE-16 distribution is perhaps unreliable, but due to 

the uncertainties in the cross sections themselves it is not felt that greater 

sophistication is warranted. 

The energy-dependent microscopic cross sections have been taken from a 

preliminary version of the CASDAR library17 being produced at ORNL. This library 
·18 

contains cross sections obtained principally from ENDF /B-·:I I, UCRL-50484 ~ and the ORNL 

GAM-THERMOS library, all converted to a standard 123-group structure. The coverage of 

activation cross sections is quite complete, though of uncertain accuracy for all but the 

most common reactions. For this reason the precision of the activities calculated by 

TCAP must not be confused with great accuracy in the evaluation. 

The decay modes and the half-lives of the nuclides have been taken from the 

"Table of the Isotopes111 9 by Lederer, Hollander and Perlman. In order to calculate 

decay heating, the energies of decay gammas were taken from this same source, while 

average (as opposed to maximum) beta energies were obtained from the "Radiological Health 
20 

Handbook" 

Decay Power 

The implications of the radioisotope production will be taken up under three 

principal categories: afterheat generation; shielding of personnel; and long term waste 

disposal. The activation of the structure was calculated assuming reactor operation for 

30 years at three-quarters power terminated by 30 days at full power. Because of the 

short half-lives of the activities in the flibe these have been calculated as equilibrium 

values at full power. 

Only six radionuclides have significant production rates in the flibe: He~6, 

Li-8, N-16, 0-19, F-18, and F-20. All but the F-18 have half-lives under half a minute. 

The total immediate decay power in the flibe is 204 MW, but this decreases extremely 

quickly since it is dominated by the N-16 with a half-life of 7.2 seconds. After a few 

minutes only the fluorine-18 remains (109.7 minute half-life) with an initial activity of 

12 
664 MCi (24.55 x 10 /sec) and decay power of 4.70 MW. It is also possible to determine 

from the TCAP output the rate of gain or loss of the elements of -primary concern for the 

chemical processing of the flibe; these figures are given in Table 10.9. One implication 

is that the "salt doctor" must be prepared to compensate for about 71 (atom) moles per 

day of excess fluorine, due to the burnout of the beryllium. Note that helium will be 

produced at a rate of about 279 moles each day. 
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.· 
Table 10.9. Element transmutat~on rate~ in the flibe. 

Gains ·Losses 

(atom moles/day) 

Fluorine. 4.74 36.8 

Beryllium o. .39.8 

Lithium-6 o. 165.3 

Lithium-7 0.58 14.9 

Oxygen 29.5 

Protiur:i 5.00 

Helium 279. 

Tritium 180. 

r.• .~ .: 

;· 
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Some 94 nuclides were carrie& along in the transmutation analysis of the 1.031 

Gg of structural material, but only' about a dozen are important in the 'sense of having 

either half-lives longer than a few days or apprec~able activities. Fig. 10·;19· is a chart 

showing initial power versus half-life for these. The total afterheat power, which is 

initiall.Y 48.0 MW, decays to 42.5 MW after 10 ·minutes. It'continues to decline slowly -

to ?.79 MW after 1/2 year, 4.08 MW after 1 year - until after about 5 years. it is 

effectively equal to the decay power of the cobalt-60: 2.35 MW initially with a 

half-life of 5.26 years. The afterheat power curves for the flibe, the PE-16 and their 

sum are shown in Fig. 10.20. Here the short term dominance of the N~l6 and the long term 

dominance of the Co-60 can ·both be seen on·t.he split time scale. The interest in the 

afterhe.at is of course not so much with the power level as with the amount of energy 

released and its potential impact if the blanket cooling should be interrupted. Four 

components of the decay heating have been evaluated: 1) 2.58 GJ from total decay of all 

but the F-18 in the flibe; 2) 14.09 GJ from the first hour's decay of the F-18; 3) 40.25 

GJ from the first hour's decay of the Mn-56 in the structure; and 4) 108.6 GJ from the 

first hour's decay of all other radionuclides in the PE-16. Although this is a great 

deal :,of energy, the blanket temp~r.ature increase that i.t represents is quite modest. 

Assuming distributed gamma heating and good conduction, the full blanket heat capacity is 

available. This amounts to 0.561 GJ/K for the PE-16, plus 4.35 GJ/K for .the fl.ibe, 

thereby holding the temperature change to only 30.3 K. '(Of course the blanket cannot 

sustain 40 MW of decay without cooling for too long, but the time available to activate a 

backup system is measured in hours.) To put the emergency afterheat problem in further 

perspecti\'.e, consider· that it will require about 10 seconds to "turn off" the plasma, 

thus dumping about 50 GJ into the blanket after shutdown is ini:ti'ated. 

A genuine problem resulting from radionuclide decay after shutdown is the 

potential exposure of maintenance personnel to excessive radiation. The dose rate just 

outside thP. concrete shield enclosing the blanket has been estimated as follows. The 

total gamma decay power 15 minutes after shutdown is 35.5 MW, and the blanket outer 
.2 

surface area is .about 1910 m ; thus the average gamma energy fluence is 1.16 x 

13 2 2 
10 MeV/cm •s. Using a mass attenuation coefficient.~f o.p5 cm /g, a buildup factor of 

50, and a dose conversion factor of 1 mrad/hr per 800 MeV/cm2.s, the dose rate outside 

the 80 cm concrete shieid is only 27.4 mrad/hr. Since the dose limit for occupational 

exposure is 1250 mrad per quarter, "it· can be seei: t.hat useful work can be accomplished if 

necessary very close to the blanket shortly after shutdown. 

The dose outside the blanket shield is very much higher when the reactor is 

operating because of the leakage of neutrons and directly-produced gammas. Evaluating the 
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dose rate for a position _corresponding :to the nominal wall load gives 65.6 rad/hr gamma 

dose plus 36~5 rem/hr neutron dose. A substant:lal addition.al biological shield will be 

required around the reactor (probably outside the main coils and support structure) 

because of this, with access limited to periods of .reactor shutdown. 

Radioactive Waste 

It is very important to avoid creating an exaggerated public impression of the 

"radioactive cleanliness" of fusion reactors. Because of the intense high-energy flux 

there will be a very large inventory of ordinary activation products., The safety and 

disposal problems associated with these may be qualitatively simplet than those of 
. . 

fissioh reactor wastes, but they are not at all negligible. 

The total. calculated activity. at shutdown fo.r the 2030 MWe reactor is 19. 61 

GCi. ·Although this is considerable, it is difficult to assign a safety hazard potential 

to if because of a lack of plausible dispersal mechanisms. A large part (6.45 GCi) of 

the total activity is due to the short-lived isotopes'iri· th~ flibe, while aribther.0.664 

GCi is from the fluorine-ts with a half-life of 109. 7 minutes. The remainder is from the 

actual," structure of the reactor,. which is presumably iner·t ." After cooling for about a 

day (eliminating most of the ra,dionuclides) the activity is .. of the order of 9 GCi. 

Subsequent decay· can be followed"':on an individual nuclide basis . 
... 

Figure. 10.21 shows activity versus decay time· for the' longer-lived 

-radionuclides· in .. the ~.lanket~ (p.l.us the .F-18). The various· cobalt .isotopes,. produced. from 

nickel, dominate the activity - first Co-58, then Co-57, and finally the Co-60. Iron-55 

has a· large decay rate, exceeding that of the Co-60 for the first 17 years, ·but since it 

decays· by· electron capture.. it .. is relatively innocuous. The large amount of Co-60 is the 

principal obstacle to the '"recycling" of the reactor structural materia;I.. On the 

average, th~re is 0.148 Ci/g of structure; considering the flux peaking there may be of 

the order of 0.5 Ci/g near the first wall~ It is unfortunate that this . long-lived 

nuclide is also one-of the.most hazardous: two gammas, one of 0.213 pJ and one of 0.187 

pJ (1.33 and 1.17 MeV) are emitted in the main decay branch of Co-60+ a-~Ni60. Since 

these are.quite penetrating, materials contaminated with Co-60 must be shielded and 

handled remotely. It should be emphasized that the cobalt isotopes are produced by 

neut.ran interactions with nickel, so that any "steel" will be subject to this problem. 

Eventually the cobilt will decay, leaving nickel-~3 as the dominant activity, 

with a half-life of 92 years. In the very long term the residual activity will be due to 

activatio.n of the minor constituents of the stru·ctu·ral alloy, e.g., the molybdenum in the 

PE--16. 
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The activity in this 2030 MWe fusion reactor blanket can be compared to twice 

that in the core of a "typical" 1100 MWe water-cooled fission reactors 21 provided that 

the qualitative differences in thes.e activities are noted·. As described above, the 

fusion reactor inven.tory is .19.61 GCi at shutdown, 1.56 GCi after 1 year, and 0.11 GCi 

after 10 years. In 'the two fi'ssion· reactors ·ther.e are initially 27 .6 GCi of fission 
I 

products, 6.9·GCi of actinides, and only 21.2 MCi of ordinary activation products! for a 

total of 34. 5 GCi. After 1 year these decay to 292 MCi, 10.3 MCi and 1.23 MCi 

respectively (totaling 152 MCi), while after 10 years they'are down to 35.8 MCi, 6.54 MCi 

and 0.26 MCi, : a total of 42.6 MCi. Beyond this the long half-lives of the remaining 

fission products and actinides will hold the fission reactor inventor'y above that in the 

fusion reactor. 

Concluding Ilemarks 

In order to fulfill the requirement that this reactor study be comprehensive, 

an attempt has been made to evaluate ·all of the "nucleonic" aspects. with a "reasonable" 

degree of accuracy. It is felt that the uncertainties in the results reported here are 

commensurate with the preliminary nature of the reactor model; as the·physical design is 

refine~ the nucleonic evaluations will be refined also. 

The principal deficiencies in t.his analysis have been noted as they arose, but 

will be summarized here. First, the use of an infin'i'te cylindrica·l model for the flux 

calculations prevents a proper determination of the·wall load distribution and, more 

unfortunately, eliminates the effects. of the .open ·divertor · channels. Sec.ond, 

uncertainties in the high energy ·cross-section sets imply u~certainties in the lithium-7 

component of the tritium product ion and in the distrib\ltion ·and magnitude of the gamma 

flux. Third, many of the damage and activation cross sections are based on expert 

guesswork rather than careful experimentation, particularly at high energies. 

Overall, it is felt ~hat the tritium breeding, the most critical result, is 

reasonably reliable; that the power generation is open to more question; and that the 

radionuclide inventory figures.should be taken as guidelines·only. 
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Chapter 11 

Heat Transfer and Energy Conversion Systems 

P. W. Davisont and K. C. Sokolosky* 

Introduction 

As indicated in the title, this chapter is concerned with the process of 

converting the energy produced by the plasma and deposited in the materials surrounding 

it into electrical energy . The major portion of the chapter is devoted to the reactor 

heat transfer systems . This is because many features of these systems are unique to the 

fusion reactor concept in general and the toroidal fusion reactor in particular. In the 

conceptual designs of these systems, however, emphasis has been placed on using 

materials, techniques, and components within the current state of the art wherever 

possible even to the extent of some sacrifice in overall energy conversion efficiency . 

For the balance of the plant it has been possible to use systems and components that have 

been or are being developed for use in High Temperature Gas- cooled Reactor (HTGR) power 

plants . 

Note that in this chapter t h e inherent l y cycl ic nature of the plasma f usion 

power source (see Chapter 5) has been neglected . In Chapter 18 a scheme is presented by 

which the plant electrical output may be maintained at full power despite the periodic 

interruption of the plasma confinement . 

Heat Transfer Systems 

Reactor Heat Transfer Characteristics 

In designing the reactor heat transfer system , fou r separate , though 

interrelated, regions were considered because of the differences in their 

characteristics . They are indicated on Fig . 11.1 : the divertor and internal radiation 

shield wall, which are not in contact with the flibe, and, thus, can be cooled with 

helium having low (66°C or 95°C) inlet temperatures; the vacuum wall which is also cooled 

with helium, bu t with an inlet temperature high enough that the tube wall temperature 

remains above the eutectic solidus temperature (360°C); the flibe portion of the blanket, 

which is cooled with helium subject to the same inlet temperature limitation as the 

vacuum wall; and the outer radiation shield, which is made of concrete and cooled with 

low temperature (95°C max) helium . The physical characteristics of these regions are 

given in Table 11 . 1 . 
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Table 11,1. Physical Characteristics of the Reactor Coolant System 

Radiation Vacuum Breeding Concrete 

Characteristic Divertor Shield Wall Blanket Shield 

Thermal Power MW 134 693 323 4100 55 

Helium Inlet Temperature ·c 66 95 360 360,460a 66 

Helium Outlet Temperature •c 638 460 460 638 95 

Helium Mass Flow Rate kg/s 45.1 365.4 621. 8 2207,987a 365.4 

Cooling Tube Material PE-16 PE-16 PE-16 PE-16 SS-304 

Max. Tube Mid-Wall Temperature •c 680 680 680 680 NA 

Cooling Tube Wall Thickness cm 0.08 0.08 0.236,0.3 b 0.142b 0.09 

Cooling Tube Inner Diameter cm 2.380 2.380 2.004,2.304c 2.256 2.378 

Average Tube Loa:iing kW/m 3.10 10.66 4.78 12.32 NA 

Total Mass of Tubes Mg 20.9 31.4 94.0 278 NA 

Total Number of Tubes 5,448 24,720 28,128 37,458 NA 

Total Length of Tubes km 42.5 64.0 64.0 326.9 NA 

·Note: a) the cutlets of the radiation shield and the vacuum wall are fed to the inlet of 

part of the blanket. 

b) wall contacting hot flibe have a 2?..5 year corrosion allowance at 1.1 mils per 

year. 

c) the vacuun wall "tubes" are really square channels with these internal dimensions. 
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The neutronic performance and power deposition characteristics for the various 

regions, except for the diverto~, are given in Chapter 10, and for the divertor in 

Chapter 6. The power deposition per unit volume as a function of location is given in 

Fig. 11.2 for the inner radiation shield wall, the vacuum wall and the flibe blanket. As 

will be noticed, there is a variation of almost two decades between the inner and outer 

regions of the blanket. Also, power is generated in the structural materials and at 

about twice the amount per unit volume as for the flibe portion of the blanket. In 

addition, the toroidal configuration of the machine introduces a variation in the power 

deposition around the mi~or perimeter; a rough calculation discussed in Chapter 10 gives 

a factor of about two in variation of the wall loading per unit area. The above are 

unique features of this power source, and they have a significant influence on the design 

of the heat removal system. 

The heat transfer equations used are given in Table 11.2. They were derived 

from several sources as indicated in the footnotes.. The symbols used in the equations 

are identified in Table 11.3. The use of these equations and the heat transfer 

parameters employed are discussed in subsequent sections. 

Radiation Shield Wall and Divertor 

These two regions of the reactor have been considered together, even though 

they are physically separated, because their heat transfer characteristics ~e very 

similar. 'In both, the power deposit~on is largely on the front surfaces, and the heat 

flux is at a high enough level that special considerations must be given to handling it. 

Also, neither of these regions is in contact with the flibe, and thus, the inlet 

temperature of the helium coolant is not limited by the freezing point of the molten 

salt. 

Radiation Shield Wall 

. 
Sixteen percent of the power generated in the plasma is in the form of 

elect~omagnetic radiation, mainly low energy X-rays. This power is deposited in a very 

thin layer ( < 0.1 cM~ and will cause thermal stresses because of the thermal gradient 

between the front portion and back portion of the w~ll. In order to protect the load 

bearing vacuum wall from these thermal stresses, a relatively thin non-load bear~ng 

radiation shield wall is placed between the vacuum wall and the plasma. This wall also 

protects the vacuum wall from low energy ion bombardment and, in the event of a 

malfunction, runaway electrons from the plasma (see Chapter 18). This wall does not, 
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Helium Heat Transfer 
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2.a 

2.b 
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3.b 

3.c 

4.a 

4.b 

4.c 

4.d 
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Table 11.2. Heat Transfer Equations 
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Table 11.2 (continued) 

Heat Generation 

5. q' 
m -: D
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Table 11.3. Symbols Used in Table 11.2. 

C specific heat at constant pressure, W·sec/(gm°C) 
p 

d inside diameter of tube, cm 

D outside diameter of tube, cm 

De outside diameter of heat transfer cell, cm 

f friction factor (as defined in Ref. 3, p. 145) 

h heat transfer coefficient, W/(cm20c) 

K thermal conductivity, W/(cm0c~ 

K helium thermal conductivity at tube wall, W/(cm°C) s 

K thermal conductivity of tube wall material, W/(cm°C) 
SS 

L Length, cm 

M mass flow rate per tube, gm/sec 

NS Stanton number, a heat transfer modulus 

NRe Reynolds number, a flow modulus 

p pressure, atm. 

P ideal pumping power, watts p 

Pth thermal power removed, watts 

q' average power per unit length of tube, W/cm 
m 

average volumetric heating rate, W/c~ 3 

Q/A heat flux, W/cm2 

(continued) 



T 

T ave 

T ex 

Table 11.3 (continued) 

. 3 0 
gas constant, atm•cm / C 

tube wall thickness allowance for corrosion .• cm 

tube wall thickness, cm 

temperature, K 

average temperature, k 

exit temperature, K 

Tin inlet temperature, K 

v 

y 

6T 
R 

hulk velocity, cm/sec 

material volume fraction 

coolant channel volume fraction (tube plus coolant) 

+libe volume fraction 

helium volume fraction 

tube wall material volume fraction 

ratio of specific heats 

film temperature drop in helium, 
0 c 

. 0 
temperatur~ rise in fl1be, C 

temperature rise in helium T 
ex 

T 
0 c 

in 

p density, gm/cm3 

(continued) 
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p 
s 

p 
SS 

a 

µ 

µ 
s 

Table 11.3 (continued) 

helium density at tube wall temperature, gm/cm3 

density of tube wall material, gm/cm3 

allowable stress, atm. 

viscosity, poise 

helium viscosity at tube wall temperature, poise 
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however, protect the vacuum wall from neutron and y-ray induced radiation·damage (see 

Chapter 10). 

As indicated in Fig. 11. 3, the radiation shield .wall consists of a :number of 

tubes running parallel to the major circumference of ' the reactor. These tubes. are made 

of the Nimonic alloy PE-16 and are welded together for their 'own mechanical support and 

to prevent· streaming of radiation between them. This wall is supported from the vacuum 

wall by means of thin strips of stainless steel· running parallel to the axes of the 

tubes. The number of tubes.required was obtained by dividing the tube outside diameter 

into the minor perimeter of the wall and multiplying by 24 - the number of reactor 

sectors. 

The axes of the cooling tubes were· placed parallel to the major axis of the 

reactor for two reasons. First, there is a thermal difference of 365°c between the inlet 

end ·and outlet end of the tubes, and it is considered more desirable to have this 

gradient parallel to the major axis than perpendicular to it. Second, and more important 

from the fabrication point of view, there is a va·r:i.ation of a factor of three in the 

length of the major perimeter between the inner and outer portions of the wall. If the 

cooling tubes were run perpend{cular to the major axis, eithe~ the cooling tube diameters 

would have to be varied by a factor of three along their lengths, or the number of tubes 

would have. to be varied by a factor of three between the inner and outer portions of the 

wall. Both of these. solutions pose serious .fabr.ication prob,Iems. ·With the tubes running 

parallel to the major a,xis, the variation in tube length can be corrected for by 

orificing at the inlet header. While it would be desirable to.avoid this complication, 

it is a straightforward fabrication process that is frequently used in complex heat 

exchaa~ers. 

The outside diameter of the tubes" was· chosen to match that of the cooling 

tubes in the flibe blanket. · Since no allowance need be made for the tube wall loss due 

to corrosion by the molten· salt·, the tube wal;t thickness i.s smaller than. for the blanket 

tubes, The tube wall. thickness given has been determined ori the basis of the allowable 

stress and the hoop strain ·due to th.e 50 atmosphere helium coolant pressure; nu 

allowance has been made for crooion due to low ene:r[y inn bomba:rc;lment. 

The helium inlet temperature is 95°C, the outlet temperature of the ·concrete 

shield. This arrangement is used for two reasons; first, the higher inlet temperature 

gives a higher outlet temperature for the same outlet tube midwall temperature, and 

second, it allows the· 55 MW of energy developed in the concrete shield to be used 

productively. The helium outlet temperature was determined using the equations in Table 

11.2 with the constraint that the tube midwall temperature not exceed 680°c (1256°F). In 
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order to bring the helium temperature up to the required value of 638°C, the outlets from 

the radiation shield wall tubes are fed· into tubes in the inner sections of the 

flibe blanket (seep. 273). 

Divert or 

While the cooling of the divertor. system· is, of course, a necessary 

requirement, the heat removed from this portion of the reactor is relatively small, 134 

MW or 3.9% of the total, and thus only a general conceptual design has been developed for 

this part of the reactor cooling system. The requirements for cooling the walls of ~he 

entrance of the divertor, since they have a direct "view" of the plasma, are the same as 

for the radiation shield wall, and thus this portion of the cooling system. has been 

designed as a continuation of that for the radiation shield wall.· In the main channel of 

the divertor, the bulk of the energy will be deposited in the form of line radiation on 

the inner surfaces of the walls. The haat fluxes are expected to be low enough that the 

heat can be removed by helium circulating in tubes thermally connected to the outer 

surfaces of the walls; these ·tubes could be arranged to run either horizontally or 

vertically. The number of cooling tubes required (shown in Table 11.1) is estimated, 

based on a vertical arrangement. The· exhaust' of the :divertor will contain a high 

temperature, low density gas that must be cooled to a temperature compatible with the 

input requirements of the vacuum system; this cooling will be accomplished by a very low 

impe'dance gas-to-gas heaL exchanger. 

The helium flow through the divertor cooling system is as follows: the low 

temperature helium (66°C) is directed first through the gas to gas.heat·exchanger and the 

walls of the exhaust chamber, and then into the tubes cooling the walls of the throat. 

If the variation ~n heat flux through the walls is great enough to require it, the helium 

will be first directed to the tubes in the high heat flux regipns, and the outlet will be 

located in the low heat flux regions. (This arrangem~nt is ~sed for cooling the flibe 

blanket to obtain a lower temp·erature drop in the helium film and, thus, a higher outlet 

helium bulk temperature for a" given wall temperature.) It is expected that the heat 

fluxes will be low enough that the desired helium outlet t.P.mparature (638°C) can be 

achieved without using the scheme of .routing the outlet to the b~ck portibn of the flibe 

blanket as in the case of the radiation shield wall. 

Vacuum Wall 

With raspect to beat transfer, the design of the vacuum wall cooling system is 

very similar to that of the radiation shield wall. The wall cooling channels run 
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parallel. to the major circumference .of the reactor. The helium inlet temperature must be 

higher to avoid freezing the flibe on the blanket side of the wall. The helium outlet 
0 

temperature is limited by the maximum allowed wall temperature of 680 C. The helium is 

combined with that from the radiation shield wall and then passed through the inner 

sections of the blanket to bring the final outlet temperature up to 638°c. 

The mechanical design of the vacuum wall had to consider the mechanical loads 

imposed by the vacuum being .on the inner side and the molten salt at a pressure slightly 

higher than atmospheric on the In addition, the thermal stresses had to be 

considered. The selected design is shown in Fig. 11:3. 

Flibe Blanket 

All of the tritium bred for fuel and about three quarters of the thermal power 

produc.ed by the reactor come from the flibe blanket. Therefore, particular attention was 

given to the design of this portion of the heat transfer system. Because of the 

interaction between the mechanical arrangement (the heat transfer aspects) and the 

neutronics characteristics (the heat generation and breeding aspects) of the blanket, the 

desig~·wa~ performed in a se~ies of iterations. Some .discussion of the preliminary 

calculations will be give~, but the main emphasis in this section will be on the selected 

design. 

Preliminary Calculations 

Pr.eliminary calculations were performed to furnish inputs to the initial plant 

design and to ANISN calculations (see Chapter 10) of the neutronic performance of the 

blanket. These calculations of necessity required many assumptions, approximations and 

simplifications. 

The blan~et was assumed to be the annulus of a cylinder of length equal to 

2 1T. times the major radius of the vacuum wall with no end effects; the inner radius was 

equal t.o the. minor radius of the outer part of the vacuum wall. That is, no attempt was 

made to include-·in any detail the effects of the geometrical arrangement of .the actual 

blanket. Also, only a crude approximation was made of the coolirig tube supports and 

other structures; these were estimated and included as a smeared-out average of 1% of 

the total blanket volume for ANISN calculations and material weight estimates. 

For the heat transfer calculations, the method used by Hopkiris ~rt~· 
. 1 

Melese-d'Hospital was adapied for use with flibe and stainles~ steel (the Nimonic alloy 

PE-16 was selected later) cooling tubeR. In their study, lithium and niobium tube walls 
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were used, and the volumetric heating rates were about the same in both materials. Thus, 

the lithium and niobium could be lumped together in their heat transfer calculations. 

However, in the case of flibe and stainless steel, the volumetric heating rate of the 

latter is between two and three times that of the former and thus the two materials were· 

treated separately. 

The blanket was considered as made up of a number of independent unit cells. 

Each cell, as indicated in Fig. 11.4, consisted of a cooling tube at the center of a 

cylinder of flibe. The diameter of ~he cell, D , was determined from the volumetric 
c 

Ill 

heating rate in the flibe,·qm , and the heat transfer parameters using the following 

relationship: 

D2 
2- 8(~) 

q'" m 

( 11. 1) 

flihe 

This relationship, which was obtained from Eq. 4a in Table 11.2, applies to the case of a 

long cylinder with ari adiabatic oute~ surface, uniform heat generation in its volume and 

uniform heat removal through its inner surface. These conditions are met to a good 

approximation in the actual blanket if thA flibe is stagnant, As can be seen in Fig. 

11.4, in an array of unit cells they must. overlap and/or have gaps between them. The 

spacing between centers of the cells was selected so that the volume of the overlaps 

equaled the volume of .the gaps, which is a· reasonable approximation for heat removal 

calculations. The equilateral triangular arrangement shown was selected since the sizes 

of the individual gaps and overlaps are less than for a square array. There may be a 

better arrangement, but it was not considered worthwhile to seek it because of the 

preliminary naturp nf thP ~Hlrn1l~tinns. The tube spacinRs for the triangular array were 

obtained by settine the crnss-sectional area of the triangle equal to one half that of 

the cylinder, which gives 

2 1/4 
y = (.:!!__ ) D = 0. 9523 D 

. 12 c' c 
z = (%) l/f y = 0.8247 DC (11.2,3) 

Because of the variation of qm in thA 7. rlirection, (see Fig, ll.2) the value of D used 
<.: 

to calculate z was obtained using the q"' m at a point midway between rows of tubes. 

The results obtained in one of the preliminary calculations are shown in Fig. 

11.5. The heat flux per centimeter of tube length, ~ (Eq. 5 of Table 11.2), and the 

tube spacings, y and z, are plotted as a function of distance from the front of the 

vacuum wall. The key heat transfer parameters are given in Table 11.4 except that the 
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Table 11.4. Key Heat Transfer Parameters of Preliminary Design 

Reactor TherQal Power 5000 MW 

Reactor Major Radius 10.5 m 

Reactor Minor Radius 3.2 m 

Bl~nket Thickness 76 cm 

Neutron Energy Current Density 2 MW/m2 

Average Helium Pressure 50 atm. 
; 

Helium Inlet Temperature 360°C 

Helium Outlet ·Temperature 620°C 

Stant.on Number· 0.003 

Max ... Tube.~Wall Temperature 663°C 

Max. Allowable Stress in SS (Type 316) I 734 atm. 

Thermal Conductivity of Flibe 0.0084 w/cm°C 

Max. Temperature Rise in Flibe 200°c 

Flibe Co.rrosion, Allowance in Tube Wall Thickness 0.0028 cm/yr 

Tube Wall Thickness 0.215 cm 

Tube Outer Diameter 2.25 cin 

( 
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temperature rise in the flibe was 400°c. The cooling tube outside diameter is 2.25 cm 

and inside diameter 1.82 cm, and the tubes are run parallel to the axis .of the plasma. 

The results were used to obtain a preliminary layout of the cooling ~ubes and the 

material volume fractions for another ANISN calculation. 

A study was also made for optimizing the blanket cooling system design. The 

bases used for optimization were: helium pumping power, flibe volume ftaction, materials 

costs and fabrication costs. The parameters varied were: cooling tube diameter, coolant 

tube wall thickness, coolant pressure and heat load per tube in high heat flux regions. 

If the Table 11.2 Eqs. 1, 2a, 3a, 3b, 3c, and 5 are combined, the following 

equation results: 

p 
-3 RG 1 µ0.2 T ave Tin (~f Dl.6 

. F( "')1.8 __E_ = (11.4) 
pth 

1.92 x 10 
cl.8 

(1 - -) 
~.8 6~.8 - 2t /D)2 C\n y 

(1 p s f c 

and the symbols are as defined in Table 11.3. Although this equation is more complicated 

than the individual ones in Table 11.2, it does show more explicitly the dependence on 

the variables at our disposal - that is, the temperatures, pressure and tube diameter. 

It is interesting to note that Eqs. 3a and 3b in '.l'able 11.2 seem to indicate an inverse 

fifth power relationship between P /P h and tube diameter. 
p t 

However, the above equation 

indicates a direct 1.6 power relationship except for small diameters when the term 

2 1/(1 - 2 tc/D) approaches infinity faster than the Dl. 6 term approaches zero. The 

latter is because of the corrosion allowance, tc, which is independent of tube diameter. 

Even if this allowance is made zero, the ( 1-V) /V term in F( q 111 
) causes P /P to increase 

m p th 
as D approaches zero. 

The variation of Pp/Pth with pressure is also seen to be different from that 

implied by Eqs. 3a and 3b. While it is close to an inverse square relation at low 

pressures, it ·fl~ttens out as a approaches the nllowable stress, Da. The term (1-1/y) 

decreases slightly with increasing pressure but this is only a 6% change in going from 10 

to 300 atmospheres; The variation of PP/Pth with a is similar to that with p. However, 

increases in a can only be obta.ined by reducing the maximum t11he midwall temperature 1 and 

as a consequence, reducing the helium exit temperature or the film drop, 6Tf, or by 

reducing the desig~ life, or by changing to another mnterial for the tuhe walls. 

Reducing the temperatures, Tave and Tin' and increasing the film drop, 6Tf, 

would reduce Pp./Pth. However, the minimum inlet temperature is set by the freezing 

point, or solidus tempe~ature, of the flibe. Tha average temperature is set by the inlet 
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and outlet temperature, and the latter should be as high possible to achieve a high steam 

temperature and good therma~ efficiency in the turbine generators. Likewise, tbe film 

drop is set by the exit gas temperature and the wall temperature for the selected 

allowable stress. Thus, while there are possibilities of trade-offs among these various 

parameters, they are somewhat complex, and it was decided to fix the inlet, outlet and 

4 
maximum wall temperatures and use an approach suggested by Fraas. That is to arrange 

each tube in two or more runs so that the inlet portion is in the front, high power 

density, part of the blanket, and the outlet is in the back, low power density, part. 

This would give low values of Pp/Pth where Pth is high and high values of Pp/Pth where 

Pth is low. By. combining Eqs. 2a, 3a, 3b and 3c of Table 11.2 and assuming that the mass 

flow rate, M, the tube diameter and the Stanton Number, NS' are the same in both sections 

of the tube we obtain 

(~)2 = (~ ), [(:~r (Tave Tin)2 

(Tave Tin\ 
(11.5) 

All of the temperature terms and the viscosity term in the numerator are larger than 

those in the denominator; thus, (PP /Pth )2 is always larger than (Pp /Pth )1 • To obtain 

(Pp/Pth)total we can use Eq. 1 of Table 11.2 and the relation 

(11.6) 

with M
1 M2 = M to get 

(~) = 
(;;)l 

[ (!::. TR)l 
+ 

(!::. TR)total - (!::. TR)l (~~) o.: (Tave x Tin)2 (!::. Tf\] x 
(!::. TR\otal 

x 
(Tave x Tin\ (!::. Tf)2 pth total (!::. TR\otal 

(11. 7) 

At first glance, it would appear that. there would be a minimum in this function as (f::.TR)l 

is varied between (!::.TR) total and zero. However, as will be seen below, this is not the 

case, and (PP/Pth)total drops monotonically. This can be understood qualitatively when 

it is realized that we are transfering more and more of the tube to the low power density 

region. We are paying for it, though, by having to add more tubes to remove the total 

thermal power required. These effects are shown in Fig. 11.6, which was calculated for a 

1. 50 cm OD tube with the parameters given in Table 11. 4 except a corrosion allowance, tc, 

of 0.014 cm was used. 

The number of tube welds per KWe was calculated by determining th.e thermal 

power removed by each tube, multiplying it by the thermal to electric conversion 
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efficiency, assumed to be 0 .. 38, and dividing the result in kilowatts into the number of 

welds per tube, assumed to be 2. Using Eq. 1 from Table 11.2 and values of 5.195 

watt-sec/gm - 0 c for CP and 260°C for (6TR)total we get 

2 x 103 3.9866 
Number of Welds/ k We = 0. 38 CPM(6 TR)total = --M- (11.8) 

The mass flow rate, M, can be obtained by combining equations 1, 2a, 4c and 5 in Table 

11. 2 to give 

3 111 

( )( 
2t) D F(C\1h 

M = 1
71

6 0 ~ p 1 - T NSCp(6 Tf)l (11.9) 

3 .. . . . 
The value of F (q~' ), is 43 ·W/cm based on ANISN calculations. 

The tube material per kWe was calculated by determining the total length of 

each tube-, rnul tip lying by the mass per unit length and di vi ding by 0. 38 times the thermal· 

power removed by each tube. 

using Mass/unit length 71 

4 
obtain 

Mass/kW = [ 1 - (-
0
-) 

2 

e o + p 

By combining equations 1, 2a, 4c and 6 from· Table 11.2 and 

(D2- d
2

)p where Pss is the 
SS 

density of stainless steel, we 

The results of these calculations are also shown on Fig. 11.6. 
-. 

While thi$ set of calculations is not thorough enough to draw any final 

conclusions, they do indicate the possibility of an optimum tradeoff between helium 

pµmping power and fabrication costs for(6TR)l in the region of lSO to 200°c. 

A similar set of calculations was made in which the tube outside diameter was 

the independent variable, and (6TR)
1

was fixed at 200°c. The other parameters were as 

given in Table 11.4 exfept that a temperature rise of 400°C in the flibe and a corrosion 

allowance of 0.084 cm were used. The results of these calculations are shown in Fig. 

11.7. Also shown in the figure is the flibe ~olume fraction VFl, for the complete 

blanket. Here an optimum tradeoff in the neighborhood of 2.5 cm is indicated. 

Another set of calculations was made with the helium pressure as the 

independent variable. The 6T was 200°c (no second section), tube outside diameter 2 cm 
R 

and a corrosion allowance of 0.063 cm. A correction should have been made for the fact 

that the film drop,6Tf, in the helium would have to be reduced as the tube wall thiekness 
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increased (because of the .incr,eased power produced in the tube wall and th~ longer· J:l.eat 

conduction path for the power from the flibe) to maintain the sa~e midwall temperature; 

or the allowable stress should have been reduced. However, because of the prel~minary 

nature of these calculations, this correction was not made. If it had been, the falloff 

of PP/Pth with increasing pressure would have been less sharp. The results of this set 

of calculations are shown in Fig. 11. 8. The flibe volume fraction is not ~ncluded 

because under the conditions used it is independent of pressure. The stainless steel 

volume fraction, Vss' does vary and thus is included. 

steel/kWe was calculated using the following: 

103 
PSS x 

Ill 

0.38 F(~) 

The mass of stainless 

(11.11) 

The tradeoffs among the various parameters do not seem very clear-cut in this instance. 

The fabrication cost items do not vary markedly and tend to cancel each other, though the 

tube we1ds should probably be given the greater weighting factor. This would indicate a 

weak min'imum at about 100 atmm;pher\')S. . The main tradeoff is between V ss' which we should 

like to be small to improve tritium breeding, and the Pp/Pth" Another factor, which 

favors lower pressures but has not been i~cluded here, is the cost of the rest of the 

heat transfer system - large ducts between the blanket and the steam generators and the 

large steam generators themselves. Based nn these considera.tions a pressu1·~ of 50 

~~mospheres wa~ tentatively selected. 

rhe above calculations were made using a constant value of the Stanton Number, 

a heat transfer modulus, This approxi~ation is a good one for a 

limited range of conditions. This is shown in Fig. 11.9 where the previnw;: calculation 

of P/Pth vs (t.TR)l is compared with one made using NS =lT d 2h/(4MCP) with h being 

/determined from Eq .. 2.c of Table 11.2. It was found that NS ranged from 2.76 x 10-3 for 

(t.TR\ = 26o 0 c to 3.84 x 10-3 (in th.e second section) for; (t.TR\ = l03°C. When this 

equation for NS is substituted in the equation 11.4 above for P
0

/Pth as a function 

of temperature, pressure, and diameter, we obtain: 

PP :,';d 53S RG (1 - -y1 ) 
pth K 2.lC 0.4 

s p 

(~:) 2.8 
T T. ave 1n 
LIT 3.5 

f 

- ' 

(11.12) 

/ 
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The results of calculations using this formula and the one -3 
for Ns = 3 x 10 for 

variations in D are shown in Fig. 11.10 for the parameters given in.Table 11.4 except 

that the helium outlet temperature wa~ 563°C,. and the corrosion allowance was zero. Also 

included is a curve calculated with the above equation for a corrosion allowance of 

0.063 cm. As can be seen, the approximation of NS = 3 ·x 10-3 is quite good over a 

limited range near 1.8 cm but giv~s significantly misleading results outside that range. 

Also, the effect of the corrosion allowance can be seen. It is most significant at very 

small diameters, and drops off slowly above 1 cm. These results indicate a sharper 

minimum in the Pp/Pth curve, a·nd it is located at a smaller diameter than for the 

-3 NS= 3 x lo· curve. However, if the latter curve is compared with Fig. 11.7, it will be 

noticed that adding the second section to the tube (to bring. the outlet temperature up to 

630°C). and·increasing the temperature drop in the flibe shifts the location of the 

minimum upward and outward - the latter effect is because of the increase in the term 
1 - v 111 

-v- (qm )Flibe in the PP/Pth equation. This indicates that the location of this 

minimum is influenced by the detailed de.sign of the system and that this type of 

calculation' ·should, as intended here, be used as a guide for, rather than a specification 

for, the more ·detailed design. 

In summary, based on these preliminary calculations the following parameters 

were tentatively selected: 

Cooling Tube Outside Diameter 2. 25 cm 

Average Helium Pressure 50 ·atm. 

Temperature Rise in Front Portion 200°C 

Selected D~sign 

In the preliminary designs just discussed, the detailed mechanical arrangement 

of the blanket was given only minor consideration. However, in developing the selected. 

design, ju~t the opposite approach was taken. As mentioned earlier, one of the unique 

features of a toroidal machine is the signif~cant variation in length between the inner 

and outer major circumference. This variation is increased in the present design by the 

inclusion of the divertor. This effect is illustrated in Fig. 11.11 which shows a top 

view of the midplane cross section of one of the 24 sectors of the reactor. The major 

portion of the blanket is ahov~ and below the midplane and does not appear in this cross 

section. However, the location of the inner edge of the blanket, at the entrance to the 

divertor, is indicated by a dashed line. The circumferential length at that point is 
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163 cm as contrasted with 403 cm at the outermost edge of the blanket. .This variation of 

a· factor of almost 2 1/2 was accommodated in the design of the Radiation Shield Wall and 

Vacuum Wall (see above) by running the cooling tubes parallel· to the major circumference 

and using orifices to compensate for the variation in tube length .. One of the main 

considerations in arriving at that design was that the tubes had to be formed together 

side by side to form solid walls. This constraint is not imposed on the arrangement of 

the tubes in the blanket.. Thus, more latitude was available. for selecting an optimum 

configuration. 

After considering 

the one illustrate~ in Fig. 

a number of different arrangements for the cooling tubes, 

11.12 was selected. The tubes run parallel to the minor 

circumference of the vacuum wall and are grouped 

nominal section of the blanket are shown in Figs; 

in sections. Cross sections of a 

·11.13, 11.14, and 11;15. As shown in 

Fig. 11.13, the individual tubes run from the inlet header to the front portion of the 

blanket and then in a serpentine configuration back to the outlet header. Both headers 

are located in the back port ion of the bl'anket. The tubes are arranged in rows as 

indicated in Figs. 11.14 and 11.15. The basic direction of the flibe flow is parallel to 

the axis of the plasma, which is parallel to the main toroidal magnetic field, and across 

the cooling tubes. The width of each section is 100 cm at the vacuum wall and the depth 

is 74 cm from the back of the vacuum wall to the outside wall. The length of the 

sections .along the direction of the "plasma axis· varies ·from·· 403 

.outermost section to 147 cm at the back of the inrie"rmost section. 

cm at the back of the 

As shown in Fig. 

11.12, there ar~ a total of 22 sections in ·ihe main part of the blanket. Also shown is a 

blanket section located in the central reactor core. The outside configuration of that 

section differs from the one described above, but the basic arrangement of the cooling 

tube and fl ibe fl°ow is the samf!. 

follows: 

The reasons for selecting 

the tubes were arranged 

this 

with 

arrangement 

their 

circumference of the vacuum wall on the basis of 

long 

both 

for cooling the blanket were as 

runs parallel to the minor 

mechanical and heat transfer 

considerations. As for the former, this arrangement in combination with grouping the 

tubes in relatively short sections (see F~g. 11.12) allows straightforward accommodation 

of the: wide variation in sector width by adjusting the number of parallel tubes .in each 

section. This also allows the blanket to be fabricated in relatively small units - the 

largest one, on 

length, 122 cm in 

the ·outer. 

width and 

periphery of the torus, has maximum dimensions of 403 cm in 

80 cm (including radiation shield wall) in depth. These 

fabrisated .and then assembled in the ·field to :form units, or sections, can be shop 
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complete sectors, which can then be joined together to form the complete reactor 

structure. This will result in sign.ificant savings in fabrication .and quality assurance 

costs. 

With regard to heat transfer considerations, the sector arrangement allows for 

matching closely the wide variation in power deposition in the blanket because the tube 

spacing can be adjusted in the direction parallel to, as well as perpendicular to, the 

·plasma axis.. The arrangement of tube runs parallel to the minor circumference, gives 

better heat transfer from the flibe, and, thus, higher flibe volume fractions than can be 

obtained by flowing the flibe parallel to the tubes and yet minimizes the adverse 

magnetic effects on flow and heat transfer. This is because the major portion of the 

flibe flow path is parallel to the main toroidal field. 

The partitions shown in Figs. 11.13, 11.14, and 11.15 serve two functions - to 

.furnish mechanical support and to serve as guides for the flibe flow. The partitions 

that are perpendicular to the vacuum wall are primarily for furnishing mechanical support 

for that wall and· the cooling tubes. The primary purpose of those running parallel to 

t.he vacuum wall is, on the other hand, that of channeling the flow of the flibe; without 

such channeling, the flibe flow would be mainly through the back portion of the blanket 

where the tube spacing is the largest, and thus the flow impedance the lowest. Such a 

condition would have three detrimental effects; first, it would reduce the heat transfer 

coefficient in the front portion of the blanket .where the power deposition is the 

highest; second, it would increase the turnover.time of the flibe in the front portion 

where the tritium production is the greatest; and third, it would allow stagnant pockets 

to develop where crud buildup would·occur. 

·(a) Heat Transfer from the Flibe 

Before going into a more detailed discussion 

·.desirable .to consider the. heat. transfer characteristics 

of the selected design, it is 

of the flibe. This is because 

the major portion of the power produced in the blanket is produced in the flibe, and the 

efficient removal of this power is a key design objective. In the preliminary design 

calculations discussed earlier . in this section the flibe was ·assumed to be stagnant. 

Consequently the only significant flibe heat transfer parameters were the thermal 

conductivity and temperature. However, in the final design the flibe must be circulated 

through the blanket. The primary reason for this is to allow the flibe to be processed 

to remove trit.ium and unwanted reaction products (see Chapter 14). It also, as will be 

discussed below, improves the heat transfer properties. 
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. ln the mid 1960's, when it was found that the.heat exchan~ers for the Morten 

Salt Reactor Experiment were not meeting their design objectives5 it· appeared. that there 

might be some anomalies in the heat· transfer characteristics of molten salts (Ref. 6, p. 
5 

231). However, .when.a detailed investigation was made, i~ was concluded that the 

discrepancies were probably due mainly to the . thermal conductivity values .used in· ·the 

design being erroneously high. It was later ·confirmed (Ref. 7, p. 11 and. Re.f. 8, p; 4) 

that the earlier values· of the thermal conductivities were ·hi·gh by .. factors of 3 ·(for the 

fuel).and.6 (for th.e coolant). Subsequent heat tran'sfer measurements (Ref. 8, p. · 40 

and 152) concluded that molten· salts .do "indeed perform as typical heat transfer"' fluids. 

It is well.known· that the characteristics of a heat transfer system are 

determined not only by the fluids involved but also by the geometrical arrangement of· the 

system. Thi& is pariicularly true for operation.with fluid flows in the transition 

region between pure ·1aminar flow and fully developed turbulent flow. This is illustrated 

in Fig. 11.·16, which is based on data from Tables .10.1 and 10.2 of Ref. 9. These data 

are. for· air;. however, the two curves for flow normal· to tube banks "can probably . be 
I 

. employed with confidence at moderately high Prandtl numbers" (Ref. 9~ p.·122, and p·.7) • 

.. (The<Prandtl number, Np·r µcp/ K, is a fluid property modulus which has ·values ·of about 

O. 7 for· air and about 20 for· flibe at 80o0 c.) · .Also, the shape of the· ·curves for flow 

normal to staggered tube banks.and for flow inside tubes is very similar to those given 

in Figs. 14.8 and ·14.9 on page 233 of ·Ref. 6 for.molten salt. Thus it is· believed·· that 

.the discussion below is valid for flib~. 

- 1/3 The curves. in Fig. 11.16 are plots of the product NNu 0-lpr) as a function 

of NRe· The Nusselt· number, NNu = h~/K is a· heat transfer ·modulus; the Reynolds 

number, NRe YPDh/µ, is a flow modulus; and Npr is· as defined above; J:b is the hydraulic 

diameter of the flow passage and the other coefficients are as defined in Table 11.3. 

These curv,es indicate how the heat transfer properties vary with flow, .or, if the other 

coefficients are held fixed, how the heat :transfer coefficient, ·h, varies with ffuid 

velocity, v·. As will be noticed, for a. Reynolds ··number in. the range of 2000. to 4000. 

(which is where our .flibe flow falls, as will be shown below) the heat transfer· is 

significantly impr:oved by .using the ·staggered tube bank arrangement. This appears to be 

.due to the .staggered. arrangemeni forcing the transition to turbulent-type heat ~ransfer 

at a much lower (by a factor of more than 10) Reynolds number than is the case f,or 
"1(' 

in-line tube banks or inside tube flow. The significance of this with regard to the 

effect of magnetic fields on .hea.t transfer from .flibe will be discussed below. 

It has been pointed out in several pape,r:s (e.g., Refs. 10 and 11) that when a 

conducting fluid is flowing in a magnetic field'. the field will exert a force that is 
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o.pposed to eddies. within the fluid and will tend. to damp out turbulent flow with a 

resulting detrimental effect on he~t transfer from the fluid. Although there have been 

no experimental studies of magnetic damping in molten salts, 11 a number of studies have 

been conducted with other conducting fluids (see references given in Refs. 10 and 11), 

and the relationships developed from those studies and given in Ref. 10 will b.e used 

here. 

A dimensionless quantity that is a measure of the ratio of the magnetic forces 

to the viscous forces is the Hartmann number 

(11.13) 

where a is half channel height (or radius) in the direction perpendicular to the flow, 

a· is the electrical conductivity of the fluid, µis the fluid viscosity andB the.magnetic 

fieid component, in consistent units. There are three Hartmann. numbers corresponding to· 

the perpendicular, parallel and, in an axisymmetric case, radial components of the 

magnetic field. The first two are of interest here. 

Anticipating calculations that will be discussed below, the mean temperature 

of the flibe in the front ·~ortion of the blanket is about 69o0 c and the~hydraulic 

diameter of the flow cl:].annel is 3.786 cm. These:' ' give 

a= 1/4 Dh = 9.46 x 10-2 m, a= 268 mho/m (based on data given in Ref. 7), 

L435 x·.10- 2 Pa-sec at··. 69o0 c (based on inte·rpolat·ion of. dat.a given in Ref. 12, p.· 81 and, 

with B in teslas, 

H . l. 2!=! B ( 11.14) 

The component of the magnetic field perpendicular to the flow path was 
.. . 

calculated by U. R. Christensen for.several points in the blanket inc)uding one. that was 

considered to have the highest value, i.e.·, toward the center portion of the reactor and 

near one of the vertical field coils. That value was 1.58 t~sla, which .gives 

I 

HJ. 2.04 (11.15) 

but that location is also in a low heat flux.portion of the blanket. In the highest heat 

flux port!ion of the1 blanket the perpendicular field was 0.91 tesla, which gives 

HJ. = 1. 18 (11.16) 
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The requirement for full laminarization of flow in circular pipes is (see p. 6 

of J;lef. 10) 

H.!. (11.17) 

This gives values of critical Reynolds numbers of 1020 maximum and 590 in the highest 

heat flux region. As discussed above, for flow normal to staggered tubes, these should 

' be reduced by a factor of· at least 10. However, in the highest heat flux regions N is 
Re 

about 3000, and there should be no serious effect on the heat transfer in any case. 

Using Blum's correlation equation (Ref. 10, Appendix A), which holds for Reynolds numbers 

greater than 1.5 times the critical value, i.e., greater than 880 in this case, 

(11.18) 

This is a negligible correction •. 

Now to consider the effect of the parallel magnetic field which varies from 

4.4 tesla at the vacuum wall of the outermost section of the blanket to 14 tesla at the 

vacuum wall of the innermost section. Thus, the parallel Hartmann number varies from 5.7 

to 18. Using the relation (p. 51 of Ref. 10) 

0.15Hfi) 
NRe 

( 11.19) 

Here again, the correction is not significant. Thus, it is concluded that the effects of 

the magnetic field can be neglected in the heat transfer calculations. 

Before leaving the subject of the effects of the magnetic fields, it should be 

mentioned that consideration ~ust be given to the voltage induced when a conducting fluid 

crosses a magnetic field! 3 This effect depends on the detailed geometrical 

configuration and will be examined later in this section. Suffice it to say here that 

thes~ voltages can be .kept to the order of several tenths of a volt and should cause no 

corrosion problems. 
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The viscosity of flibe is a fairly sharp function of temperature (Ref·. 12, p. 

81), and this factor must be considere~. The other coefficients are either constant or 

very weak functions of the temperature. The method commonly used to correct for this 

viscosity variation is to multiply the Nusselt number calculated using the mixed mean 

temperature of the fluid by the factor (M /Mn) where n is a function of the Prandtl 
s 

numbe~ and also depends on whether the fluid is heating or cooiing (Ref. 9, p. 9.0). 
. . . . . . . . 

Based on the considerations discussed above, ·it has been concluded that the 

best relationship to use for determining the flibe heat transfer coefficient is the 

·:following: 

N = C N0.6Nl/3 (µs/µm)n 
Nu ·. h Re Pr (11.20) 

where Ch is a constant depending on the transverse pitch and longitudinal pitch of the 

coolin·g tubes. (See Fig. 7.5, p.·. 127 of Ref. 9). Substituting the physical 

coefficients and solving for the heat transfer coefficient, we obtain 

h 

c K?-13 c 1/3 v 0.6 0.6 
h p max Pm 

D 0.4 .0.27 
h µm 

where the terms are as defined above and in Table 11.3. 

(b) Detailed Design 

(11.21) 

To date only approximate calculations have been made of the variation in 

power per unit area around the minor circumference of the vacuum wall for a toroidal 

configuration. As reported in Chapter 10 the peak may be 10% above the nominal, while· 

t~e ~alu~ ~a~ fili by 56% near the divertor. A calculation has 
. . 14 

been reported for a 

toroidal reactor with a homogeneous an·d isotropic volume
0

tric· neutron source. of toroidal 

shape. The results of that calcul~tion showe~-that the maximum v~riation of neutron 

fiux·around the minor ~ircumference of the vacuum wall . wa~ ibout 10%. The actual 

variati.oil for our reactor !'.lay be somewhere between these ·cases. Since th·e de'tailed 

design of the heat transfer system for the· bla.nket is sensitive to" the level of the 

neutron flux incident on ·the vacuum wall, it has not been possible to do a detail~d 

design of ~he compl~te blanket cooling system. Instead, a detailed design has been made 
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for what is considered to be a nominal section of th.e blanket. The section chosen is 

the one located at a major radius of 11 meters (see Fig. 11.12) at the top, or bottom, 

of the blanket. As indicated in Fig. 11.17, this location is close to the point of 

nominal wall loading. A discussion is given, however, of'how this nominal design can be 

modified to accommodate different wall loadings. 
/ 

Using for guidance the results of the preliminary calculations given earlier 

in this section, a number of specifi~ cooling tube arrangements were analyzed. Because 

of the complexities involved no attempt was made to optimize rigorously the design. 

Instead, using the optimization studies performed in the preliminary design phase, the 

' following set of design goals was selected: 

Flibe volume fraction in front portion, about 75% 

Tube diameter, "between 2 and 3 cm. 

Total helium pressure drop, about one atm. 

In addition the following constraints were observed: 

9 .. 
Total flibe flow rate, 4.06 x 10 gm/hr, minimum 

Maximum tub_e midwall temperature, 680° C 

Maximum voltage developed due to flibe flow in magnetic field, 0.1 V 

Helium inlet temperature, 360°c 

Helium outlet temperature, G38°C 

Tube wall thickness allowance for flibe corrosion, 0.063 cm 

Thermal power developed in blanket and shield, 5305 MW. 

The flibe flow rate was dictated by the requirement of complete turnover of 

the flibe in the reactor at least twice an hour. The maximum tube midwall temperature 

was selected on the basis of a compromise between a high allowable stress in the tube 

wall material and a helium outlet temperature high enough to allow· 538°C (l000°F) steam 

to be obtained from the steam generators without. unduly complicating their design. The 

steam temperature was somewhat arbitrarily chosen because it is close to the highest in 

use in turbine generators now being operated. The induced voltage in the flibe was 

selected on the basis of not exceeding 0.4 volt when the flibe flow rate is increased to 

maintain the helium temperature during the reactor field reversal cycle; in Ref. 11, 0.4 

volt is considered adequately low·to avoid wall corrosion problems. The helium inlet 
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temperature was fixed by the freezing, or solidus, temperature of eutectic flibe and the 

outlet temperature by the steam generator .design. The tube wall thickness allowance for 

corrosion was picked on the basis of molten salt test loop results for stainless steel 

(Ref. 15, p. 166) that indicate a corrosion equivalent to 1.1 mils or 0.0028 cm per year; 

a plant life tif 30 yrs at a 75% capacity factor was assumed. ~he thermal power rleveloned 

in the b~anket .and shie-ld is based on that required to give 2030 :M.W· net electric. 

The total thermal power of 5305 MW is obtained as the .sum of 688 MW of 

radiation on the radiation shield wall and divertor, 55 MW of shield heating, and 4562 MW 

developed by neutron interactions with the walls and blanket. Of the latter· figure, 

462 MW are produced in the material of the vacuum wall and radiation shield wall based on 

an equivalent thickness of 0.993 cm (see Fig. 11. 3)' an area of 

4 1T
2 x llOO x 363 1. 576 x 107 crrf and a power deposit ion of 29. 5 W / cm3 • This leaves 

4100 MW that are produced in the flibe blanket and its structure. The nominal blanket 

se.ction is 100/(2 x 360) = 1/22.6 of a sector, and a sector is 1/24 of the reactor. 

Thus, the power produced in a nominal section is 7.559 MW. As indicated in the 

preliminary calculations, the details of how this power is removed have a strong 

influence on helium pressure drop and temperature distributions in the system. 

To satisfy the helium pressure drop constraint we can vary the number of tube 

runs, n, i.e., the power per tube, and the number of zigzags per run, n 2 , i.e~, the 

length of the tube. Also the tube diameter could be varied, but it was decided to fix 

that on the basis of using a standard size, 1 in. or 2.54 cm O.D., with an allowable 

stress of 749 atm. (11,000 psi, based on data given in Ref. 19), a pressure of 50 atm. 

and a corrosion allowance of 0.063 cm, the inside diameter of the tube .is 2.256 cm. The 

pressure drop can be determined using Eq. 3.a in Table 11.2. The parameters in that 

equation, in addition to those given above, are as follows: the friction factor, f, 

6.5 x 10-3 (one.quarter (see page 145 of Ref. 2) of the value given in the figure on page 

3-60 of Ref. 16 for a Reynolds number of 1 x 10 5 and a pipe roughness factor 

1.5 x '16-1 foot); the gas constant for helium, RG, 2.0500 x io- 5 atm-cm3 /(gm°C) derived 

from the value of 8.31432 x l07erg/(gm mole0 r.) given on page A-10 of Ref. 17; the average 

temperature, 772 K; the flow rate per tube, from Eq. 1 in Table 11. 2, 

7.559 x 106 
M = 

n x 5.195 x 2'/'8 
5234 

n gm/sec (11. 22) 
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the hydraulic length of a tube run, 

1b = {;\ - 2 "t D + 2 (~)bend ct) n + L. z in 
(11.23) 

(see Figs. 11.13 and 11.18), substituting weighted nominal values for the distance from 

the toroidal axis, ri= 393 cm, and the transverse spacing between tubes, xt D = 6.86 cm; 

the length of the inlet run, Lin= 54 cm (the outlet of the last zigzag is directly to 

the outlet header) and a value of 25 for the (L/d) of a 90° bend (see Ref. 18, p. 531), 

we obtain 

1b = 208.25 nz + 54 (11.24) 

Substituting the above values in Eq. 3.a in Table 11.2 and solving for n, 

This equation gives the 

n 
z 

5 

7 

9 

11 

n (651 n + 169)1/ 2 
z 

following: 

(11.25) 

n . 

58 

69 

78 

86 

From the point of view of fabrication costs, it would be desirable to have n 

as low as possible. However, the heat transfer requirements set a limitation on this. 

Thus, before proceeding further, we must return to considRr~tions of the heat transfer. 

Both the heat transfer from the flibe and to the helium must be considered. They are, of 

course, interrelated and could be handled in a combined set of equations. However, 

because of the complexity of that approach the calculations were performed separately and 

several iterations made until they matched. The heat transfer to the helium turns out to 

be limiting because of the relatively low maximum temperature allowed for the midwall of 

the tubes. However, the flow of and heat transfer from the flibe has a stronger 

influence on the physical arrangement and will be discussed first. 

As shown earlier in . this section, the heat transfer coefficient for the flibe 

for a given configuration is a function of its velocity. The minimum total flow rate is 

set by the requirements for flibe processing, but the velocity in the blanket depends on 

how this flow is distributed. A compromise must be made between a high velocity for good 
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heat transfer and a low velocity to avoid corrosion due to induced voltages and to keep 

the pressure drops. low. The desirability of parallel flow th.rough the 24 sectors is 

clear. Also, there is a definite advantage to bringing the flibe into the outer edge of 

a sector and flowing it in parallel streams symmetrically above and below the reactor 

midplane (see Fig. 11.12). As discussed above in the section on Selected Design, the 

main part of each sector is divided into 22 sections - 11 above and 11 below the reactor 

mid plane and each section is divided into four regions. Within each section it is 

necessary that the main flow paths be parallel to the major circumference of the reactor. 

Also, it is desirable that the mass flow rate be the same in each region. The question 

remains as to whether sections should be connected in series or parallel. After looking 

at the two alternatives it was decided to use the series connection since it gives a high 

enough velocity to give good heat transfer but not high enough to cause voltage and 

pressure drop problems. The path selected was the following (see Fig. 11.19): The flibe 

enters at the outer regio~ of the outermost section, flows parallel tQ the major 

circumference to the end of the sect ion, then down to t.he next inner reg:i,on of the 

section, back to the inlet end and over to the next section and so on to the innermost 

section. At the innermost section, the flow is down to the next region toward the vacuum 

wall and then back, zigzag fashion, to the outermost section of the blanket. By 

selecting this direction of flow, the low tritium content flibe is in contact with the 

higher temperature tube .walls in the back part, and the high tritium content flibe in the 

front part spends less time in the blanket. 

With the series arrangement for flibe flow, within each half-sector, the mass 

flow rate is the sam~ in all regions of the blanket. Thus, for a total mass flo·w rate of 

4,06 x 10
9 

gm/hr, the flow. through ench region will be 
7 

8.46 x 10 gm/hr or 

2.35 x 104 grri/sec. The velocity of the flibe, however, depends on the flow cross section 

of the channel. The minimum flow cross section in a channel is (X - · mD) r i /3. 6, see 

Figs. 11.18 ap.d 11. 20, where X is the height of the channel perpendicular· f(), the vacuum 

wall, m is 'the number of rows of cooling tubes in the channel in the direction 

perpendicular to the vacuum wall ·and r i is the mean minor radius of the channel. Thus, 

the product of the maximum velocity and the density is 

3.6 M/(X - mD) ri (11. 26) 

The hydraulic diameter of the channel is 

4(X - mD)xf/(mn) ( 11._27) 
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where xJI. is the center-to-center spacing between rows of tubes in the direction of 

flibe flow divided.by the outside diameter of the tube. Substituting these relations in 

the equation for h given previously, we obtain for the heat transfer coefficient 

h 

mo.4 ch r?-/3.c 1/3 M0.6 

1.958 
0.4(X _ mD)- 0.6 XJI. ri . 

(n+0.27) 
µm 

and substituting the values for K, Cp and M 

h 45.08 
0.4(X mD)- 0.6 

x.{ - ri 
(n+0.27) 

µm 

(11.28) 

(11. 29) 

In the innermost flow channel the heat flux from the f libe to the cooling tubes and 

vacuum wall is 

(11. 30) 

Dividing this relation by that above for the heat transfer coefficient, we obtain for the 

film temperature drop in the flibe 

For the 

(!Sr)flibe 

0.4(-'{J.6 ( Xe riJ X - mD)(4xe X - m1TD) 

180.31~ m
0

·
4

(x.e+ ID1T) 
(11. 31) 

other.channels the term x in the denominator is deleted because all of the heat 
JI,. 

is removed by the cooling tubes. The power generated in and removed by the partitions 

and walls of ·the flibe channels has not been included and will be discussed below. This 

relationship was used to adjust the location of the partitions parallel to the vacuum· 

wall, i.e., the values of X, to give a nearly uniform flibe bulk temperature. It is 

interesting to note that even though the cooling tube wall temperature varie& along its 
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length, the variation in flibe bulk ·temperature is much less because of the zigzag. 

arrangement of the tube runs and because of the presence of the viscosity terms,µ , in 

the ~T equation; the viscosity exponent n is negative, about -0.37, and the viscosity 

varies inversely with temperature. 

The values of the parameters xi, m and Ch depend on the cooling tube spacings 

p~rallel to and perpendicular to the vacuum wall, i.e., the number of tube ~uns, n, and 

the number of zigzags per ,run, n , which, 
z 

as. shown above, are interrelated. The 

parameters xi and m also enter into the heat flux equation, and the value of the heat 

flux from the flibe has a strong influence on the film temperature drop in the helium 

coolant and, in turn, the tube midwall temp.erature. The tube midwall temperature is a 

more critical parameter than the flibe bulk temperat.ure. The value of xi. is the length 

of the section divided by the quantity nD. Because of the presence of helium headers in 

the ends of the section (see Fig. 11.14), the effective length is not the same in all 

four regions of the section. Also, the value of x2 in the outer region is approximately 

twice that in the other regions in order to have an even number of tube runs, m, in each 

region and an uneven number of zigzags (so that the inlet and outlet helium headers can 

be on opposite sides of the -section). 

A series of calculational iterations were made to select· the values for the 

parameters in the above ·equations. The values chosen as best meeting the various 

constraints are given in Table 11.5. '!'he value~ of nz' n and mare the same for all four. 

regions·. They were selected on the basis of hel:i.um pressure drop and tube midwall 

temperature and are as follows: n 
z 7, n = 69 and m = 2. 

Xhe flibe heat transfer parameters for the central portion of a nominal 

blanket cooling section are given in Table 11.6. These parameters will be somewhat 

· differ~nt at the ends of the section because of the presence of the headers and the 

turning of the flibe flow from or to the next region. However, because of the fact the 

flibe is flowing, it is believed these variations will not have a significant effect. 

Intermixed with the flibe heat transfer calculations were ~hose for the .helium 

portion. It was found that the heat transfer to the helium was, as mentioned above, more 

critical than that from the flibe. The temperature profiles· along the length of a 

nominal cooli~g tube are given in T~ble 11.7 and Fig. 11.21. The temperature rise in the 

helium was calculated using Eq~ 1 of Table 11.~. The film temper~ture drop in the helium 

was calculated using Eqs. 2.b and 2.c in Table 11.2. The heat flux, Q/A, used was that 

from. the flibe, as given in Table 11.5, plus that from the heat generated in the tu9e 

·walls. The temperature gradient :i.n the tube walls was calculated using Eqs. 6 and 7 in 
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Table 11. 5. 

Physical Parameters for a Nominal Blanket Cooling Section 

Ill 

Region x r;i x ch n µPl µ . ( <\n )flibe R. s 

cm poise W/cm 3 cm poise 

1 1.46 372.2 12.5 0.45 -0.37 0.0734 0.646 11.0 
(inner) 

2 1. 52 386.3 14.9 0.46 -0.37 0.0734 0.310 5.0 

3 1.64 404.5 20.7 0.48 -0.37 0.0734 0.231 1. 8 

4 2.88 427.4 24.4 0.50 -0.37 0.0734 0.204 0.48 
(outer) 

Table 11. 6. · 

Flibe Heat Transfer Parameters 
in a Nominal Blanket Cooling Section 

Region Dh v NRe. NNu NPr h Q/A. tiTflibe max 
cm cm/sec 2 W/cm °C .W/cm 2 oc 

1 6.90 16.14 2880 65.5 20.4 0.0797 20.3 255 
(inner) 

:.! 9.50 n.75 2890 86.l 20.4 0.076l J.4.3 J.94 

3 16.31 7.05 2970 104 20.4 0.0536 8.58 160 

4 35.42 5.40 4950 154 20.4 0.0365 5.06 139 
(outer) 
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End of 
Region Tube 

of Run 
Blanket Number 

4 Header 

4-1 Inlet 

1 1 

1 2 

2 3 

2 4 

3 5 

3 6 

4" 7 

Table 11. 7. 

Temperature Profile along a 
Nominal Cooling Tube 

Distance /Helium Film Inne'r 
from inlet Drop Drop Wall 

Header Temp. Temp. 

cm •c ·c •c 

0 360 12 372 

54 376 75 451 

162 435 75 510 

274 493 73 566 

387 536 51 587 

503 576 50 626 

622 599 26 625 

744 621 25 646 

875 635 14 649 

Wall 
Temp. 
Drop 

·c 

12 

30 

30 

30 

20 

20 

12 

12 

6 

Tube 
Midwall 
Temp. 

·c 

378 

456 

525 

581 

597 

.636 

631 

652 

652 

' r,1 ... ( 
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Table 11. 2; the gradient to the middle of the wall was taken as half the total gracti·ent 

in the wall. The reason for the "bumps" in the tube wall temperature profile is that the 

heat flux varies from region to region but is almost constant within a given region. The 

shape of the ."bumps" in the transition between regions was estimated. 

As will be noticed in Table 11.7 and Fig. 11.21, the maximum tube midwall 

temperature is about 3o0 c below t.he design maximum of 680°C. An approximate calculation 

showed that going to a tube configuration with nz 5 and n = 58 would ca~se the midwall 

temperature to exceed 680°c. If a tube configuration with nz = 5 and n greater than 58 

(and .thus, a .lower .tube pressure drop) were used, the temperature could be adjusted to 

68o0 c. However, it was depicted that because the calculation is for a.nominal cooling 

tube, the 30°C margin should be kept to allow for variations from the nominal. An 

analysis has not been made, however, to determine whether this margin is· the correct one 

to use. 

The above description has been t6r a no~inal blanket'c6o~ing sebtion. The 

same design procedura can be used for the other ~ections of the blanket ·once.the proper 

wall heat loadings and material heating rates have been determined. In those sections 

with higher heating rates the centerline to centerline sp~cing of the tubes will be 

smaller in the direction parallel to and also, possibly,. perpendicular to the vacuum 

In :those sections with lower heating rates the reverse would be true. It might 

also be desirable to change the diameter of the· tubes. The section arrangement selected 

allqws thesa adjustments to be made in a straightforward manner. 

As mentioned e.arlier in this sect.ion,. the above refinements to the design of 

the .blanket cooling system have ,,.not been made. In order to obtain a number of the 

characteristics given in Table 11.1, the following assumptions were made: the blanket 

was assumed to be a simple torus with a major radius of 1100 cm and a minor radius of 360 

cm -(at the plasma· side of the ·radiation ·shield wall). From a mechanical point of view, 

this is considered a good assµmp1;ion because the vac·uum wall surface area calculated on 

this ·basis gives a value within 1% of that computed using a code developed by 

W. G. Price, Jr; to match the actual configuration of the wall as shown in Fig. 11.1. 

The other assumption was that the cooling tube spacings and thus the number of cooling 

tubes and the material volume fractions in the nominal blanket section were average 

values for the whole blanket. This is believed to be a reasonable assumption, but this 

can not be confirmed until a ~omplete design can be made. 

Using these assumptions, the volumes and weights of the flibe, Nimonic Alloy 

PE-16 and helium and ·the number and weight of the cooling tuhP.~ :f.or the entire blanket 
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were obtained by calculating them for the nominal blanket section and multiplying by the 

ratio of the vacuum wall area for the torus to that of the nominal section. 

Shielding Blanket 

The cross section of the shielding blanket is shown in Figs. 11.1. and 11.12. 

The design of this blanket is discussed in Chapter 10. The 55 MW of thermal power 

deposited in the blanket materials is removed by helium flowing in Type 304 stainless 

steel tubes with outside diameters of 2.54 cm and inside diameters of 2.45 cm. The 

latter was calculated. for the : hoop strain due . to a helium pressure of 50 atm. and an 

allowable stress of 1430 atm. (21,000 psi) obtained from Fig. 7 of Ref. 20. As indicated 

in Fig. 11.22, the helium enters the shielding blanket at 6ef C from the hydrogenic 

species removal system (see Chapter 14) and exits to the radiation shield wall at about 

95°c. 

The design of the shielding blanket cooling system has not been developed in 

detail. However, it would be similar in many respects.to that for the flibe blanket 

cooling syste~. The power deposition in the shielding blanket will also vary both in the 

direction perpendicular to the vacu~m wall and in the direction parallel to the minor 

circumference; ·but the total power developed will be only about 1.4% of that re~oved by 

the flibe blanket cooling system. The pressure at the outlet of the compressor in the 

hydrogenic species removal system and the pressure drops in the shielding blanket add 

radiation shield wall cooling systems will be adjusted so that the outlet pressure of the 

helium from the radiation s~ield wall matches that from the vacuum wall. 

Helium Circuiation System 

A one line block diagram of the heat transfer system is shown in Fig. 11.22. 

The main function of the helium circulation system is to interconnect the various 

systems, subsystems and components in order to transfer the power developed in Ll1e 

reactor system to the steam generators. An jmportant secondary function is to pass part 

of the helium through a cleanup system, which is described in Chapter 14, where 

hydrogenic species picked up in the reactor and steam generators are removed. In the 

latter, the helium is also passed through two feedwater heaters to make efficient use of 
0 

the heat that must be removed to reduce the helium temperature from the 360 C required at 

the inlet to the breeding blanket cooling tubes to the 66°C required by the cleanup 

system, djvertor, and shield, 

f. 
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All of the helium passes from the reactor through the steam generators. The 

bulk of it, about 87%, is returned to the cooling systems of the breeding blanket and the 

vacuum wall at 360°C. The remainder is returned through two of the feedwater heaters and 

the cleanup system to the cooling systems of the divertor and the concrete blanket.shield 

at 66°C. The split of the flow between these two return paths is determined by the 

cooling requirements of the associated reactor subsystems. 

The objectives of the design of the helium circtllation system were to 

determine approximately the dimensions of the headers and ducts and to identify the key 

components such as valves and circulators. The main guidelines followed were, for the 

former, to achieve a low pressure drop around the system consistent with the physical and 

functional requirements and, for the latter, to satisfy the primary operational and 

safety requirements. In designing the system, it was considered as divided into the 

following categories or subsystems: the headers within the reactor; the main ducts 

between the re~ctor ~nd steam generators; the helium cleanup loop; and the circulators 

and key valves.· 

Headers within the Reactor 

The headers within the blanket proper are shown schematically in Fig. 11.23 

for half of one sector and are shown in cross section for a nominal section of the 

blanket in Figs. 11.13, 11.14 and 11~15. For the blanket cooling, there are two 

categories of headers, the branch headers that feed the cooling tubes and the main 

headers that feed;the branch headers. For the vacuum wall and radiation shield wall 

separate inlet headers, shown in Fig. 11.24, are needed. The one for the latter is 

mounted inside the former (see Fig. 11.14) to furnish insulation from the flibe. One 

common outlet header is used. As discussed above in the sections on the radiatiQn shield 

and vacuum walls, this outlet header is connected to the main inlet header for part of 

the blanket cooling system. 

As in the case of the blanket cooling system, the design of the reactor header 

system has been carried out only for the nominal sectqr. As above, that sector is the 

one centered at a major radius of 11 meters, identified as 6A on Fig. 11.23. However, 

because the main headers serve the other 10 sections as well, some assumptions had to be 

made concerning the power removed by those sections. Those assumptions were as follows: 

the total power removed from one sector was one twenty-fourth of the total reactor power 

generated in the correspondi.ng port]on of the reactor, i.e., blanket, radiation shield 

wall or vacuum wall; for sections 1 through 6 and 12, (see Fig. 11.12) the power removed 

was proportional to the vacuum wall area of the section, i.e., the neutron flux was 
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uniform; for sections.· 7 through 11, the total power removed by those five sections was 

one-half the total sector power minus the sum of the power from se~tions 1 through 6 

minus one-half the power from section 12. 

The pressure profile along each blanket header (to or from section 6A) was· 

obtained by. calculating the pressure drop in each segment, i.e., between -sequential 

branches using Eqs. 1 and 3a in Table 11.2. The pressure loss going into or from a 

branch was obtained· by using the nomogram on page 531 of Ref. 18 for sudden contractions 

or enlargements. This approach is probably all right for the main headers, but it.would 

have been more- precise to have treated the branch headers as manifolds. The results 

obtained are given in Table 11.8. The inside _diameters of the headers, also given in 

that table, were selected as a compromise between low pressure drops and displacement of 

flibe from the blanket or shielding material from the blanket shield. 

Main Ducts 

The main ducts, which conduct the helium from the reactor to the steam 

generators and back, are shown in the simplif.ied plan and elevation views in Fig. 11.25. 

The helium from the blanket outlet headers is fed through downcomers, one for each of the 

24 sectors, to a ring duct beneath the reactor floor. The helium- flow varies a factor of 

12 around the ring duct and thus the duct can be tapered to conserve material. After a 

straight horizontal run the duct is teed to feed-the 12 steam generators through risers. 

The return path from the circulators at the lower end of the steam generators to the 

reactor blanket and vacuum wall inlet headers fs the reverse of that described above 

except that because of the lower flow rate and temperature, the return duct diameters are 

11% less. The parameters for the hot leg ducts are given in Table 11.9 and for the cold 

leg in Table 11,10. 

Helium Clean.!!Q_Loop 

The main function of the helium cleanup loop is to remove hydrogenic species 

from the helium. The part of _the subsystem that" accomplishes this functio_n is described 

in Chapter 14. The helium that is passed through this ~oop, about 13% of the total flow, 

is also used to supply power to two of the feedwater heaters';·-- ~umbers 5 and 6 (see Figs. 

11.22 and 11.26). In passing th_rough the feedwater heaters the helium temperature is 

reduced from 360°C to 66°C, the latter temperature being limited by the water inlet 

temperature, 50°C or 122°F. By this means 628 MW of thermal power th.at would othe.rwise 

have to be discharged to the atmosphere are used productively. 

The helium pressure drop through the feedwater heaters has been estimated to 

be one atmosphere based on the calculated value for the steam generators, 0.69 atmosphere 



Table li.8. 

Blanket Header Parameters 

Line or Header Total No. 
for Reactor 

~ Inlet Line to Blanket 24 

Main Inlet Header in Blankei 48 

Branch Inlet Header in Blanket 528 

Inlet Line to Concrete Shield 24 

Vacuum Wall Header 48 

Radiation Shield Wall Header 48 

Outlet Header from Vacuum Wall 48 
and Radiation Shield Wall 

Br~nch Outlet Header in 
Blanket 

Main. Outlet Header in Blanket 

Outlet Line from Blanket 

* To or from nominal section. 

** For nominal section. 

528 

48 

24 

Inside Diameter 
cm 

70 

25 

15 

40 

18 

10 

15 

15 

25 

80 

Length 
m 

2 

8.3 
5.95* 

2.80** 

1.0 

12.8 

14,5 

17.5 

2.47** 

11. 9 
7.14* 

2.0 

Pressure 
atm 

Drop, 

l 0.30 

} 0,30 

) 0.52 
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Fig. 11.25 Simplified pian and elevation 
view o·f the plant. 



Section 

Down comer 

Half of Ring Header 

Duct to Steam 
Generator Bldg. 

Duct to Steam 
Generator Risers 

Risers to Steam 
Generators 

Table 11. 9. 

Hot Leg Duct Parameters 

Total Inside 
Number Diameter 

cm 

24 150 

2 1507366* 

1 366 

2 315+200* 

12 200 

* Diameter varies along the length. 

To.ble 11. 10. 

Cold Leg Duct Parameters 

Section Total Inside 
Number Diameter 

cm 

Risers from Circulators 12 180 

Duct froi:l Circulator 2 180+280* 
Risers 

Duct to Ring Header 1 325 

.H:alf of Ring Header 2 325+135* 

R.:i.i::e.:r. to Reactor 24 135 

*' 
Diameter Vil, r :i.e.8 ::i.J on p; the. le.nv,th. 

279 

Length Pressure Drop 

m atm 

16.7 0.15 

54.0 0.15 

31. 7 0.15 

18.0 0.15 

23.0 0.15 

Length Pressure Drop 

m atm 

10.0 0.15 

18.0 0;15 

31. 7 0.15 

54.0 0.15 

16.7 0.15 
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(see Appendix C). The pressure drop in the cleanup system is one atm_osphere (see Chapter 

14). The pressure drop in the ducts connecting the various components of this ·subsystem 

has been estimated to be 0.2 atmosphere based on the values calculated for the main 

return ducts given above. 

Circulators.and Valves 

As indicated in Fig. 11.22,circuiators are used to raise the pressure of the 

helium from the outlet of the steam generators to 50.95 atmospheres, required to give a 

pressure of 50 atmospheres in the middle of the blanket cooling ~ystem. The· pr~ssure 

drops in the individual tubes, manifolds, heaters and ducts have been discussed in 

previous sections and for the steam generators in Appendix C. These can be summarized as 

follows: 

Cooling Tubes 1.00 atm. 

Outlet Manifolds and Headers 0.52 atm. 

Ducts to Steam Generators. 0.15 atm. 

Steam Generators 0.69 atm. 

Ducts to Reactor 0.15 atm. 

Inlet Manifolds and Headers 0.30 atm. 

Total 2.81 ·atm. 

Combining Eqs. 1 and 3.b in Table 11.2 we obtain for the ideal pumping power 

p 
p ( 1 - ~) C ·M .p 

(11. 32) 

where the symbol·s are as defined in· Table 1_1.3. The values of the parameters are Y"'.' 

l.6569;LIP= 2.8latm.; _p=_ 50 atm.; T= 633 K; Cp= 5.195 W sec/g°C; and M=. 3.279 x 106 

. .; 

g/sec. These give· an ideal pumping power requirement of 241' MW. It has been decided to 

use electric motors to drive the circulators, and an ele.ctrical to mechanical conversion 

efficiency of 96% has been assumed. The elec~rical power requirement will be 251 MW, 

which is 67% of the total estimated station services requirement. 

There are twelve steam generators, and one circulator will be mo'unted on _the 

outlet of each unit. Each unit will require a 20.8 MW or 27900 HP motor. This size is 

only about 16% larger than circulators currently being designed for use in High 

Temperatu±-e Gas Coole.d Reactors .21 
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The locations of key valves in the helium circulation system are indicated in 

Fig. 11.22. They ar~ those valves that are required for major operational and 

safety-related functions. In each secto.r of the reactor there are shutoff valves in the 

inlets and outlets to each of the main portions of the cooling system. These are 

required to isolate these portions in the event of a serious malfunction such as a large 

leak so that cooling can be maintained to the other portions. This subject is discussed 

further in Chapter 16. Shutoff valves at the inlets to the. steam generators and outlets 

from the circulators are needed in the event that a steam generator must be shut down for 

repair or maintenance; this allows · the operation of the plant to continue at reduced 

output using the remaining steam generators. The valves in the recirculation line on the 

steam generators (see Appendix'C) are to adjust helium flow during startup, part power or 

shutdown operations. The valves in the helium cleanup loop are to allow for isolation of 

part or all of that system if required for repair or maintenance. The valve requirements 

·are tabulated in Table 11.11. 

Steam Generatorc 

The reference design cycle will require twelve supercritical, double ieheat 

steam generators in parallel service. The design of these units is given in Appendix C 

and will be only summarized here. Each unit will be 117 feet in height and 12.5 feet in 

diameter with an electric motor ·driven single stage axial flow helium circulator mounted 

at the .hase. Design of the units by Foster Wheeler Corporation is in keepin~ with 

present day technology used in the HTGR program. 

Heat will be conveyed to the steam generators by helium gas circulating 

through the reactor heat transfer surfaces at a rate of 25.7 million pounds per hour. 

The reactor exit gas .temperature will be ll80°F, compatible.with our use of PE-16 and 

stainless sfeel heat transfer ~ubing. The hot helium will then be admitted to each st~am 

,generator through a 6-foot diameter duct that will direc..:t a portion of the 'gas flow 

upward over. the second .reheat er and allow the remainder to pass downward over the first 

·reheater. The ratio of gas flow over each surface will be controlled mechanically by a 

damper in the uppermost section of each steam generator and will serve as one means of 

temperature control. An alternate means of temperature control will be by attemperation. 

The gas flows will recombine in an area just below the first reheater and will 

continue downward over the supercritical fluid coil and into the helium circulators. In 

one pass through the steam generators, the 
0 

helium temperature will drop 494 F and its 

pressure will drop 10.1 psi. 
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Heat Transfer 

Total 
Valve Location ~-Re.quired 

Into Divertor 24 

" Into Concrete Blanket 24 

Into Vacuum Wall 24 

Into Breeding Blanket 24 

Exit Vac. & Rad. Shield Wall 24 

Exit Divertor 24 

. Exit Breeding Blanket 24 

Int~ Steam Generator· 12 

Steam·Generator 12 
Recirculating Valve· 

Circulators to Reactor 12 

.~:·. To Feedwatel' Heaters 12 

Hel-ium Cieanup System 2 

Helium Cleanup System 1 
By-Pass 

Table 11.11. 

System Valve Requirements 

Operating Flow 
Temp. Diameter 

(oC) (cm) 

66 40 

66 40 

360 60 

360 90 

460 15 

638 100 

638 100 

638 200 

360 . 91 

360 200 

366 80 

66 25 

66 50 

Flow Rate 
per Valve 
(kg/sec) 

2.7 

13.3 

50.6 

69.9 

63.9 

2.7 

133.8 

273.l 

273.l(max) 

241.l 

32.0 

1. 39 

382.6 

'1-. 
"\ 
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Feedwater will 'be admitted to the lower section of each steam generator at 

561°F, pass upward through th~ helically wound supercritical coil, and exit to the 

turbine at 1000°F and 3690 psi. Steam flows to the first. and second reheaters will enter 

their respective heat exchangers at the upper level of each steam generator and will also 

exit to the turbine at l000°F. 

Steam generator heating surfaces (scaled to the final steam flows from the 

values given in Appendix C) will consist of: 

Supercritical coils -727,533 
.., 

ft~ - 1 1/8" OD tubes 

First reheater -117' 852 ft2 - 1 3/4" OD tubes 

Second reheater - 95,447 ft2 - 1 3/4" OD tubes 
~ 

The overall duty will be about 16.8 billion Btu's per hour transferred from 

the helium to the steam cycle fluid. All heat exchanger surfaces will be helically wound 

with the exception of the second reheater, which will be of vertical tubular arrangement. 

Also, all helically wound surfaces will transport their fluids in counter flow to the 

helium passage over them. 

The steam generator tubes and tubesheets will be fabricated of Incoloy 800 or, 

as discussed in Chapter 15, an Incoloy 800-Copper-Incoloy-800 sandwich. Tube ends will 

be accessible for plugging or other maintenance reasons due to the location of tube 

sheets outside of the helium pressure vessel. Internal inspection of each steam 

generator will bP. made possible through the central core pipe that is located in the 

supercritical coil and reheater sections. 

Each helium duct entering and leaving the steam generators will be equipped 

with a shutoff isolation damper. In conjunction with this feature, each helium 

circulator discharge duct will also contain a bypass arrangement whereby helium will be 

allowed to recirculate through a steam generator during its transition from inactive to 

active status, or during part power operation. 

Energy Conversion System 

Steam System 

The steam cycle of the plant is illustrated schematically in the full load 

heat balance in Fig. 11.26. The turbine-generator combination considered for our 

prototype fusion power plant will be a cross-compound 3600' rpm unit.with supercritical 

steam conditions of 3690 psia and l000°F . at . the throttle, followed by two reheats to 

100.0°F. Each shaft of· the cross-compound concept will be . driven by four double-flow 
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turbines arranged in tandem and coupled to a single generator. Specifically, the high 

pressure shaft will include a very high pressure (VHP), intermediate pressure (IP), and 

two low pressure (LP) turbines, with a very similar arrangement of high pressure HP, 

intermediate pressure (IP), and two low pressure (LP) turbines constituting the low 

pressure shaft. Each shaft will be approximately 200 feet long. The electrical·outputs 

will be very nearly balanced with gross outputs of 1235 MW and 1170 MW respectively from 

the high and low pressure shaft generators. The design of this turbine-generator system 

was supplied by the Large Turbine Division of the Westinghouse Power Systems Company and 

is within the current state of the art. 

ThruLtle steam flow of nearly 14.6 million pounds per hour will enter the VHP 

turbine and give up 118 Btu's per pound as it expands through the stages. The result of 

this energy conversion will be 498 MW of "wheel" output before the steam leaves the VHP 

turbine at 1155 psia and 680°F. Approximately 10 percent of the flow will then be 

diverted for regenerative feedwater heating in No. 1 heater, and the remainder will be 

returned to the first reheat sections of the steam generators where its temperature will 

be restored to l000°F. 

The :reheated steam will then pass through the HP turbtnP. and generate an 

additional 437 MW of ·"wheel" power. At two separate points along the turbine expansion 

path a total of 1.4 million pounds per hour of steam will be extracted for No. 2 and No. 

3 feedwater heaters, and the remaining 11.6 million pounds per hour will be returned to 

the second reheater where l000°F steam temperature will be restored for the second time. 

After leaving ~he second reheater, one half of the steam flow will be directed 

to each of the two IP turbines. The No. 4· extraction flow amounting to 0,65 million 

pounds per hour will be removed from the IP turbine flnws and an additional 0,62 million 

pounds per hour will be diverted from the IP discharge lines to supply boiler feed pump 

turbine steam. The IP section "wheel" output will be 483 MW. 

Steam will be discharged from the IP turbines at 113 psia and 695°F. The four 

LP turbines will receive 10.4 million pounds per hour of steam in parallel flow and 

generate an additional 990 MW of "wheel" power before the steam will be directed to the 

condenser·::; at a "Used Energy End Point" of 1047 Btu per pn11ncl. 

extraction points from the LP turbines. 

There will be no 

Condensed steam from the LP turbines and the boiler feed pump turbines will be 

collected in the condenser hotwell and mixed with cycle drains, leakages and other 

miscellaneous small flows. Actually, the hotwe11· will serve as a reservoir from which 

the 'condensate pumps will draw their suctions for discharge through the oil coolers, 
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hydrogen coolers, air ejectors and gland steam. condensers. Flow at· this point .will be 

11.15 million pounds per hour; temperature increase through the auxiliary heat 

exchangers will be 13°F; and line pressure will be 200 psi. 

A condensate polishing system will be incorporated in this portion of the 

cycle to establish and maintain the high degree of water qual'ity necessary for 

supercritical operation. 

Condensate flow from the auxiliary heat exchangers will enter the deaerator 

pumps and be discharged at 300 psi through No. 6 and No. 5 helium feedwater heaters into 

the open type deaerator (which is also the No. 4 feedwater heater). After leav.ing the 

deaerator at 3S0°F, the condensate route will be into the boiler feed pump suction. At 

a boiler feed pump discharge pressure exceeding 4000 psi, the feedwater will be pumped 

through No. 3, No; 2 and No. 1 feedwater heaters and ultimately into the steam generator 

sup.ercritical coil sections. The final feed temperature will be 561°F. 

As a point of. interest, the boiler feed pump.work performed on the feedwater 

will produce a 15 Btu per potind enthalpy increase in the 14.6 million pobnds per hour of 

· pumped· water. 

A unique feature of the six stage feedwater· cycle is the use of extrac~ion 

steam only in the four high pressure heaters and deaerator. Hot helium gas will supply 

the initial two stages of feedheating •. Actually, the helium gas will enter No. ~heater 

at a flow rate of 3.26 million pounds per hour and 6S0°F; will pass through No. 5 and 

~o. 6 in series; and will be discharged to the hAlium clean-up system at. 15~F. Under 

these conditions, the helium will heat up 11.1 million pounds per hour of condensate .. from 

122°F to 318°F. Due to the high capacity tif the cycle, all feedwater heaters will be 

arranged in parallel strings. 

Net Cycle Performance 

The total internal power requirement is anticipated to be 375 MW. Major 

equipment de~ands can be listed as: helium circulators, 251 MW; refrigeration system, 

100 MW; cooling tower fans, 15 MW; and other cycle usage including secondary pumps, 

plasma ignition and heating systems, lighting, instrumentation and controls, 9 MW. 

Overall this amounts to 15.6 percent of the gross.generation (10.4% due to the helium 

circulators) and represents a performance penalty when compared to a fossil fueled cycle 

utilizing but 2.5 percent of its output for station service·. (The boiler feed pump, 

which would normally consume another 62 MW of auxiliary power, will be steam driven.) 
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The following inputs are used to evaluate the overall plant performance: 

Reactor Power 5305 MW 

Gross Generation 2404.7 MW 

Station Service 374.7 MW 

Net Elect:d.c 2030 MW 

Net Efficiency 38.3 % 

Net Heat Rate 8917 Btu/kW hr. 

Auxiliary Power Systems 

When the plant generating units are in operation above lSO MW, the auxiliary 

power will be supplied from the generator via the station service transformer that will 

reduce a portion of the 26 kV generator output to bus requirements of 13.2 kV, 4.16 kV 

and 480 V. · The remaining generator output will be steppe~ up to 345 kV transmission 
I 

voltage at two 1400 MVA transformers. At this level of operation, all 115 kV standby 

power will be discontinued, and the plant will be electrically self sufficient. 

When decreasing load on the generating units, a reverse procedure will be 

rollowed to insure standby power for station service throughout the lower load range and 

specifically at the time of turbine tripout. 

J.n t.hP. P.vent of an unforeseen incident that would cut the availability of both 

generator station service and standby power, two automated 4 MW-4160 V diesel generators 

would s~pply emerr,ency power for a safe and orderly shutdown of the plant after turbine 

tripout. A third diesel generator would be available. for backup, and each one could be 

started, synchronized and loaded to an emergency bus within 10 seconds. 

During such an eventuality, it would be desirable to have the following 

equipment operational: emergency helium circulator, refrigeration machinery, secondary 

cooling pumps, vacuum pumps, circulating water pumps, cooling tower fans, tritium 

processing equipment, instrumentation, controls and lighting. To elaborate somewhat on 

the above, the emergency helium circulator will be a standard single stage axial flow 

circulator driven by a ~160 V pony motor instead of the conventional 13.2 kV drive. Less 

than one megawatt of emergency power will be required for this service. Also, since it 

will not be possible to blow safety valves to the atmosphere during unit tripouts, 

provis:i.on must be made to accommodate the excess steam in the condensers. This will 

I 



\ 

288 

require at· least two circulating water pumps and 20 percent of the cooling tower fan 

capacity to be supplied from the emergency diesel generator bus. Power consumption will 

be 3 MW and 2 MW respectively. The remaining emergency services will collectively use 

less than 2 HW of diesel generator output. 

The diesel generators will be designed to reconcile emergency shutdown 

conditions only. Recognizing the high station service requirements for plant startup, it 

wo.uld be economically unreasonable to provide in-house capacity for this infrequent 

service. 

Station de power will be.provided by a 125 V station battery and charger. It 
\' ... : 

will be used to power the reactor instrumentation and control system and to control and 

power the turbine-generator emergency auxiliaries, switchgear, annunciators, emergency 

lighting, inverters and instrumentation. The battery will be designed to deliver two 

hours of rated de power supply, independent of the charger, without any appreciable 

voltage drop. 
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Chapter 12 

The Vacuum Wall, Radiation Damage, 

Structural Problems 

P. Bonanos and H. K. Perkins 

Introduction 

The basis for establishment pf design criteria and materials selection is 

first, the retention of structural integrity in a severe irradiation ·environment at 

elevated temperatures and second, the prior existence of a proven technology in the 

fabrication of tubes, structural shapes and weldments. The prediction of fusion reactor 

materials behavior and properties is an extrapolation of effects observed in fission 

reactor. irradiation experiments and supportive ion and electron bombardment studies. The 

relevant effects observed in neutron-irradiated metals are volumetric swelling and a loss 

of ductility. A comprehensive understanding of the processes leading to these property 

changes does not yet exist, and the extrapolation is therefore uncertain. The major 

differences between fusion and fission reactor materials performance will be due to (1) 

the harder spectrum of the fusion reactor neutron flux, (2) a unique problem at the first 

wall which, in vacuo, views the reacting plasma and may present a new set of plasma-wall 

interactive surface·damage problems and (3) a postulated power reactor lifetime of 

200,000 hours (22.8 years) leading to a higher accumulated fluence. A five year life is 

assigned, arbitrarily at present, to the first wall. The actual . life will be set by the 

"residual ductility" to fracture determined experimentally by fission irradiation with 

high helium content. The prospect of accelerated experimental simulation of the combined 

effect of these conditions is at this date remote, short of. building a prototype fusion 

reactor. Reliance must be placed on fission irradiation and ion bombardment experiments 

and perhaps, mathematical modeling. 

A list of first wall de::;igu parameters is given in Table 12;1. 

Neutronic Spectral Effects 

The high energy component of the neutron spectrum results in two effects. The 

damage effectiveness of the flux is greater, and the generation of transmutation products 

proceeds at a higher rate. Helium is produced directly by (n, a) reactions and 

supplemented by additional reactions whose cross sections are not yet evaluated (see 

Chapter 10). Hydrogen and solid products Rre also generated at higher rates. Fission 

reactor helium effects experiments are usually limited to helium contents of less. than 
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Table 12.1 

First Wall Design Data 

2 14 MeV neutron current n/sec-cm 

14 MeV neutron power MW/m 2 

2 Total neutron flux n/sec-cm 
. 2 

Total yearly fluence. n/cm 
5 . 2 

2 x 10 hr (22.83 yr) fluence n/cm 

Fraction of flux > 0.1 MeV 

Fraction of flux at 14 MeV 

Displacement~/atom year 

Displacements in 2 x 10 5 hours/atom 

Helium P.rod;uction ppm/year 

Helium production in 2 x 10 5 hours 
·(atom· percent) 

0

Brenis·s.trahlung (w/cm2 ) 

.. : ,· .. Synchrotron radiation (w/cm 2 ) 

Volu~etric heating rat~ (w/cm 3 ) 

Operating temp.erature range·· 

i~t~~nal ~ressure·- tubes 

·Nominal 
Value 

7.81 x 1013 

1.65 

8.66 x 1014 

2.73 x 1022 

6.23 x 1023 

0.51 

0.165 

27 

616 

392 

0.895 

33.6 

4.4 

29.5 

250 - 660°c 

50 atm (735 

Peak 
Value 

1. 28 x 1014 

2.71 

1.42 x. 1015 

4.48 x 1022 

1.02 x 1024 

44 

1005 

644 

1.47 

55.1 

48.4' 

psia) 
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10-4 atomic fraction, a value less than the accumulated helium production from 100 days 

opera~ion of the reference design first wall. Low helium fractions promote void swelling 

and embrittle stainless steels. Higher helium fractions may induce additional swelling 

from g~s effects alone. The vital property change however is the loss of ductility which 

may ·drop from 20% to< 1% elon~ation.1 The peak fluence for the first wall 

is ~ 1024 n/cm2 (~ 5 x 10 2 3 > 0.1 MeV). Fission reactor experimen~s. yiel~ data to 

22 fluences. of 5 10 x 10 ( > 0.1 MeV). The dose dependence of void swelling and 

me~hanical property changes for this added fluence range is as yet unknown. It must be 

emphasized that the 14 MeV flux is 16% of the total first wall flux. 

First Wall Effects 

Ion and fast neutral bombardment (hydrogen ·isotopes, helium, impurities) of 

reactor walls affect the wall lifetime, the influx of cold particles to the plasma, and 

the tritium holdup and recovery route. Sputtering coefficients for erosion due to all 

plasma particles over· a wide energy range are not availablei nor are hard numbers 

available to predict the ideut.ity, number, and energy di.stribution of the bombarding 

particles. 

Erosion.due to physical sputtering. is strongly dependent on the mass and 

atomic number of the bombarding species and the wall atoms as well as on the energy and 

flux of the incoming energetic ions and neutrals. The implantation of energetic gaseous 

ions and neutrals produces drastic changP.s in the surface layers of metals: a large 

number of metal lattice vacancies and interstitials; a gas atom concentration that may 

equal the metal atom concentration; and electron excitation and thermal heating. The 

majority of .these implanted gas atoms-will be reemitted at the bombarded surface for the 

metals that we consider, . such as ferrous- and nickel-alloys, at temperatures around 

500°c. Under certain unpredictable conditions some of this reemission may result from 

the bursting of gas-filled bubbles that form in the surface layP.r by a coalescence of gas 

trappP.rt at vac~ncies. This phenomenon, which is referrP.d to as blistering, has recently 

been observed for He bombarding stainless steel2 • 3 and nickel. 4 Some of the implanted 

hydrogen may migrate into the bulk of the metal wall and either ~ecome trapped ut 

energetically ·favored sites, form a dilute solution in the metal, or be emitted at the 

unbombarded side. Too high a concentration of hydrogen in the bulk of Lhe metal is 

undesirable because of degradation of mechanical. strength by hydrogen embrittlement 

(especially important on cooldown) and thP. desire to keep the tritium inventory as low as 

possible. 
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Fabrication Technology 

Fabrication requirements lead first to a survey of the austenitic steels. All 

have well established forming, machining and welding methods. The choice for the FFTF 

fuel cladding, 20% cold worked 316 stainless steel, swells least among the 300 ·series 

mate'rials. The projection of the swelling vs. dose ~ependence to the fusion design 

fluence yieids uriacceptabl~ high-values (even with low He content)· so that the Wiggins 

alloy Nim6nic ~E-16 has been substituted. PE~l6 is also an austenitic material with 

swelling predicted 'at "' 1% for the peak fluence based on ion bombardment data.
5 

This 

test used carbon ion bombardment at 525° C with unsp·ecified (but probably low) helium 

content; so the extrapolation is uncertain and serves only to indicate that the swelling 

may remain low for neutron irradiation as well. PE-16 may be hot worked in the range 950 

- · 11S0°c. Annealed material may be ·co'ld worked, exhibiting 42% elongation in a 50 mm 

gage length with a shear strength of 52 hbar (75 ksi). Intermediate anneals in 

successive stages of cold work can be accomplished rapidly requiring only 15 min. at 

1040°C for thin sheets. Permitted joining methods include flash butt, resistance, spot 

seam and ele·ctron-beam welding and high temperature brazing. Normai welding processes 

allowed include T.I.G.~ M.I.G, and metal-arc. 

To develop the required pro15ert ies PE-16 must be aged. The reco.mmended heat 

treatments inelude 

(a) lh/900°C/AC + 3h/750°C/AC 

or (b) 2h/300°C/AC 

Heat treatment fadilities are thus required to accommodate fabricated 

assemblies. Final· vacuum welds in the reactor vessel must be made to ann·ealed material 

and placed behirid 

fluence is lower. 

the blanket away: from ·the plasma neutron-source, where the total 

The alioy choice is, .of c6urse, not final, and evaluation of tiigh helium 

fraction, high. neutron fluence data from sources such as the· HFIR-CTR (ORNL), EBR - II, 

FFTF and DFR experiments will reduce the dubiousness of the property predictions. 

irradi~ti~n of nickel all6ys in HFIR results in helium generation rates exceeding those 

calculated for a CTR and is thus particularly u~eful in evaluating austenitic steels and 

nickel-based alloys. 

·In the paragraphs that follow, specific details ·of· the various damage 

mechanisms and first wall surface processes are more fully· discussed. In a concluding 

statement, an outline of the expe~iments and data needed for reliaule design are 

summar·ized. 
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· · Bulk Radiation Effects ·. 

The important neutron~irradiation effects are now examined. 

Swelling 

Swelling in irradiated.fusion reactor blanket structural materials is.expected 

to result from two sources~ First is the accumulated interstitial content manifested by 

its negative image, voids, and. second, 

reported6 in. 1966 and has since: been the 

helium 

subject 

bubbles. Void 

of inten~ive 

swelling was first 

invest igitt ion .. Two 

international meetings 7 •8 have been held devoted entirely to this subject and serve as 

excellent·surnroaries.alongwith .a.review article by Norris. 9 What.follows.is an outline 

of the mechanisms of·void.swelling and some introduction to the terminology used in the 

literature. 

If a metal atom is struck by an energetic atom or neutron, it is displaced 

from its lattice site. and moves a short 'distance losing its energy by Coulomb interaction 

with. its neighbors. The struck atom is termed a primary knock-on. The kn9ck-on, ·in 

moving thtough the llttice, may displace some thousands of atoms from their·.lattice 

sites. This cascade results in a displacement spike· generating many displaced- atoms that 

now occupy sites between the regular lattice positions and are termed interstitials. The 

unoccupied lattice sites are vacancies, and the combination of a .vacancy and an 

interstitial is termed a Frenkel pair. 

At the operating metal temperatures in a reactor both vacancies and 

interstitials are mobile, the mobility of interstitials exceeding that of vacancies. If 

vacancies encounter interstitials, their identities are lost in the recombination 

(Frenkel pair annihilation). The interstitials. however, are pref~rentially absorbed at 

line defects called dislo~ations .. Concurrent with .. the absorption of interstitials is an 

aggregation of vacancies into clusters. The vacancy clusters upon reaching a critical 

size collapse into dislocation loops. The collapse -is a net volume . decrease, which 

eompensates for the volume increase of the interstitial loops, and litt1e or no swelling 

results. The presence of atomic impurities, particularly ·helium atoms, is believed to 

stabilize the vacancy cluster preventing its collapse, thus forming an embryonic void and 

initiating volumetric swelling .. Void growth and attendant significant swelling require.a 

highe~ flux of vacahcies than interstitials to the void nucleation sites. This will 

occur if (1) the temperature is low enough so that the irradiation-produced vacancies 

exceed the thermal e~1ilibrium concentrati?n (supersaturation), (2) the temperatures are 

high enough to mobilize vacancies and ( 3) dislocations are present .to absorb 
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interstitials preferentially. These conditions are satisfied between 0.25 to 0.5 times 

the absolute melting point of.the metal ("0.25 - 0.5T ). The.nucleation of voids is then a 
m 

sensitive function of the vacancy supersaturation, the degree of preferential attraction 

of interstitials by dislocations and the presence of helium. Experimental data 

substaritiate these concepts. An empirical equatio~O based on.many experimental samples 

indicates that the neutron irradiation ·swelling ,.:_i:f cold. worked TP -316 stainless steel 

varies with temperature in the range 350-75o9c corresponding to0.3-0.55 T. 
m 

This 

equation conveniently represents a summary of available data for a, particular material 

and is sho•n in Fig; 12.1. Note that this tormula does not include any saturation 

mechanism with increasing "fluence nor represents samples with high helium content; 

Swelling data for Nimonic PE-16 are not as plentiful. Carbon ion bombardment 

of both 316 and aged PE-16 produced an order of magnitude less swelling in PE-16. Aged 
, 

PE-16 contains a coherent y precipitate Ni
3 

(Ti, Al). The explanation for the reduced 

swelling ; is that the precipitate is. the major point defect in the system serv-ing as a 
self-regulating recombination· center for large· fluxes of vacancies and interstitials.-

Additionally, the precipitate can· ·pin dislocations making more difficult the~dislocation 
\ . 

climb ·associated· with the preferential attraction of interstitials··by dislocations. 

Ductility-Loss· and Creep 

Austenitic stainless steels subjected to neutron irradiation suffer ~-drastic 

loss in ductility. As an , example, .. a "TP 304 specimen irradiated at 410°C to 
22 " 

6.7 x 10 'n/cm~ .. (> Od MeV) exhibited a creep-rupture ductility of 0·.1% at 27,500 psi 

0 1 
and life of o.·5 hour when tested at 600 C. An unirradiated sample of the same- material 

tested at the same stress and temperature failed in 185 hours at an elongation of 19.7%. 

Iri tensile tests at low temperatures (below . 550°C) irradiation .. hardening 

reduces the ~train-hatdening exponent and consequently the uniform· strain. Current 

theories attribute ·this· to a phenomenon termed "channeli_ng". The irradiation-produced 

defects are removed from bands or channels by slip dislocations.· ·Subsequent deformation 

occurs• more easily 'along the bands since the critical shear stress is lower in tbe 

defect-free zone than the surrounding harder matrix. Although the macroscopic strain is 

low it is. concentrated in· these very highly strained bands which fail; At higher 

temperatures ductility is attributed to intragrain cohesion. Helium formed from 

transmutat'ioh ·reactions accumulates at grairi boundaries and weakens the cohesive force 

again resulting in• premature ·intergranular failure at low elongations. 
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Fig. 12.1 Swelling in 316 S.S. due to fission 
neutrons (Ref. 10) and r. i.on bombardment (Ref. 5). 
PE-16 swelling from Ref. 5. 
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At all operating temperatures in a CTR structural material the enormous helium 

content may cause grain boundary failures and require low design values for total 

elongation in order to achieve a decent structural lifetime. Operating stresses must be 

low enough to reduce the time-dependent deformation, called creep, to acceptable levels 
10 

over the design life of the component .. Present FFTF design criteria, for example, 

assume cladding failure at thermal creep strains of 1 to 2%. 

Surface Radiation Effects 

The surface damage due to bombardment by energetic ions and neutrals is 

examined first, followed by a brief discussion on "neutron sputtering". 

The Bombarding Species 
+ 

The interior of the reactor plasma contains D , 
+ 
~ 

l ' 

18+ 
and Ar with an average 

energy of 
2+ 

He energy 

2+ 
about 25 keV and He 

in the outer zone 

ions 

is 

with energies from 3.5 MeV down, but the average 
11 

expected to be in the range of 6-10 keV. Our 

reference to "' 10 keV ions is to these 
2+ 

He ions', since the fuel ions are cold .. (<l keV) at 

the boundary. The quest ion of how many of these "' 10 keV ions resul·t in "'' 10 keV 

particles (ions or neutrals) bombarding the ·first wall cannot be answered yet but is 

expected to be less than 1% of the th,roug.hpu t. · Bombardment by "' 1. keV neutrals, . 

primarily D and T, can result from charge exchange if cold. neutrals or partially-stripped 

ions enter the reabting plasma. 
2+ 

(The prob~biltty of He acquiring two electrous v1R 

charge exchange is thought to be low so that bombardment by"' 10.keV -·He· neutrals may be 

neglible.) 

.The plasma in the 50-cm wide zone adjacent to the first wall (scrapeoff 

region) is not well characterized; howev~r, its temperature and density are not f'.Xpec.ted 

to differ appreciably from the divertor plasma since they are linked by common magnetic 

flux surfaces. (Some of the outer flux surfaces intercept the first wall.) The divertor 

plasma temperature is 0-300 eV; the electron density is 1.4 x 10
14

/cm-
3

. The flux of low 

energy (0-1 keV) ions and neutrals tha.t bombard the first wall is not known and unlikely 

to be uniform over the first wall. Higher fluxes might. occur near the·divertor entrance 

or the injector. An upper limit is calculated by dividing th~ particle throughput by the 

first wall area (Jma~), a lower limit is none; our arbitrary design number is 0.1 Jmax· 

The values for Jmaxare listed in Table 12.2. The energies of these bombarding particles 

are unknown both because of uncertainties in the scrapeoff plasma temperature 

distribution and in the plasma sheath potential, which is expected to be less than 



Table 12.2 

Particle Fluxes to the First Wall 

Energy Flux· · 
ev particles/cm2-sec 

D 10° - 103 100 -

103 - 104 10° -

T 10° - 10 3 10° -

10 3 - 104 10° -

He 10° - 103 100 -

103 104 10° 

A'r 10° 103 10° 

10 3 - 104 10° -

* Upper limit estimated as the throughput divided by the first 
wall area. 

+ Upper limit estimated as 1% of the throughput divided by the 
fir,:;:1; Wfl.l J. flTF.!fl.. 

6.0 x 1014* 

6.0 x 1012+ 

6.0 x 1014* 

6.0 x 1012+ 

7 .8. x 1013* 

7.8 x lO'll+ 

6.5 x 1013* 

6.5 x 101:)..+ 
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4 kT • 12 The chosen design parameters are a 300 eV plasma, no plasma sheath potential so 
e 

that the average bombarding energy is 300 eV, and a particle flux of 0.1 Jmax 

The damage to the first wall from bombardment is assumed to be directly 

proportional to the flux for a given energy and identity of bombarding particles. (It is 

essentially independent of the charge on the particle so that damage from ions and 

neutrals of the same species and energy will be similar.) Since uncertainties exist in 

the fluxes, energies, and identity of the particles that will bombard the various regions 

of the first wall, we consider the dam.age associated with a wide span of energies. Using 

existing experimental data we shall estimate erosion rates for several assumed fluxes and 
.• ··. 

energie.s. 

Sputteririg 

·When energetic particles bombard target _materials with energy above a 

threshold value ( ~ lOeV), they penetrate the surface and initiate a transfer of energy 

to target atoms so that some of them are ejected from the .surf:l:ce. This process is 

referred to as sputtering. The number of ejected target atoms per incident particle is 

the sputtering coefficient. The incident particles in most sputtering experiments have 

been ions;.: however, the sputtering .yield is assumed. to be independent of the charge_ on 

the bombarding particle. 

A qualitative· picture of sputtering from a random target follows. An 

impinging particle undergoes a series of :tiollisions in· the target; atoms that recoil 

with enough energy undergo secondary coliisions, thereby creating another genera~ion of 

recoiling atoms. The incident ~articles and energetic recoil atoms have t~e possibility 
. . 

of getting back-scattered out of the target surface with an appreciable fraction of their 

initial energy. Since the second generation of scattered target atoms has much lower 

recoil energy and consequently shorter range, only those located originally within a few 

ato~i~ ·layers of the surface will retain sufficient energy to overcome the surface 

binding force and be ejected. The majority of the sputtered atoms result from these 

seco9dary collisions in the surface region. Hence the sputtering yield depends primarily 

on (1) the energy deposited in the surface region of the target by both the bombarding 

particle and energetic recoil atoms and (2) the surface binding energy. 

The surface binding energy depends on1surface impurities, absorbed or adsorbed 

gas, and the crystallographic plane or planes at the surface. Thus sputtering yields are 

dependent on the existing surface conditions. The temperature of polycrystalline targets 

is not· likely to be a significant factor as long as it is well below the melting point. 
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In the case of reactive bombarding species, such as hydrogen, chemical forces may play a 

significant role in th·e sputtering process and molecules like NiH could be ejected. 

The maximum energy that can be transferred in a two body collision is limited 

by conservation of momentum and energy to 4E
1 

m
1 

"2 / (m
1 

+ °!z f , where m1 and E1 
are t.he 

mass and energy of the incident particle in the reference frame where the second particle 

at rest. When m = m all 
1 2 

of the energy can be transferred. The of mass, m
2

, is 

transferred energy decreases as the mass ratio m /m
2 

departs from one; this is reflected 
1 , 

in similar decreases in sputtering yields; however, this simplified model does not 

quantitatively give the mass dependence of the sputtering yields. 

The sputtering yield exhibits a maximum when the angle of incidence is a.bout 

60°-10° from ·normal. 13 Most sputtering data are for normal incidence; incidence 

at ~ 60° from normal could increase the yield by an order of magnitude. 

A representaiive curve showing the dependence of the sputtering coefficient 

S(E) on the energy E is shown in Fig. 12.2. The rather broad maximum that occurs around 1 

keV to lb keV reflects the energy region where the increasing penetration depth of the 

bombarding pai·ticle results in a smaller fraction o:f' :i.ts total energy being deposited in 

the surface region. 

Available Data 

A number of review articles on sputtering contain collections of existing data 

and details of various theoretical models. 13-19 No pertinent sputtering data were found 

for the proposed first wall alloy, Nimonic PE-16 containing primarily 44% Ni, 17% Cr, 1% 

Ti, 3% 'Mo, and 35% Fe; however, its sputtering coefficient is not likely to differ 

appreciably from that of Fe and Ni. (The available sputtering coefficients for these two 

metals are within a factor of two.) Figs. 12.3 -- 12.9 are plots of the more pertinent 

sputtering data to the first wall erosion of ferrous- or nickel-based alloys. 

Guseva'~ data
20 

on the sputtering yields for stainless steel bombarded by 5-

30 keV D (Fig. 12.3) show that S is essentially the same at 5 and 10 keV and decreases at 

higher energies. 

The most extensive' collection of sputtering data cumes from Wehner and 

21-23 co-workers, who measured the sputtering yields for the inert gases over the energy 

range 0 to 600 eV and for an energy of 7 keV on many metal targets. 

+ 21 22 + 21 23 Their data for He ' and Ar ' bombardment of Fe, Cr, and Ni are plotted in Figs. 

12. 4 Rnrl 12. 5. Similar values for 
+ 

Ar bombardment have been reported by 

25 
Weijsenfeld et al. No data were found for hydrogen in this low energy range; however, 
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later in t~is section we shall scale some data on silver to estimate a value for 
+ 22 

700 eV D. Figures 12~6 and 12.7 are plots of the s·puttering yiel_d of 300 eV He. and 

+ 24 . 7 keV H
2 

as a function of the atomic number of the target material. A strong periodic 

dependence of the yield exists in metals for all bombarding ions with maxima occurring at 

Cu, Ag, and Au. This consistency gives us a certain amount of confidence in scaling the 

rather extensive sputtering data of Gronlund and Moore26 on silver shown in Figs. 12.7 

and 12.8 to obtain estimated sputtering yields on iron and nickel. 

+ The sputtering yield for molecular ions such as 7 keV H2 in Fig. 12.7 is used 

+ 
to calculate the yield for 3.5 keV H by assuming that the energy is equally divided 

between the H nuclei, which then sputter independently. Similarly the data for 

2 keV H; on silver in Fig. 12.9 can be used to obtain sputtering yields for 700 eV H+ on 

silver. This ·implies that the sputtering yield for H and D is roug~ly co~stant over the 

energy range 1 keV to 12 keV with the value for D falling off more a{ the· higher energies 

than that for H. Also the value for D is more than twice the value fdr H. 

· · f · 1 · · ld for H+, · D+ ,· He+, . Ar+, Fe+, !·1 1· +, A summary o . ex~er1menta sputtering y1e s , 
• .. 

+ and Cr bombardment of F~°, Ni, Cr, and stainless steel targets is given ·in Table 12.2. 

Except for Ar+ on Fe we c~n see that the existing data fail to cover i wide spectrum of 

energies. Sputtering data for Fe, Cr, ·and Ni .bombarding ions are of interest since 

sputtered wall atoms may become energized in the plasma and return to the wall to produce 

additional sputtering. Assum~ng that the data on silver 'and iron scale as in Figs. 12.6, 

12.7, 12.8, 12.9 we estimate sputte~ing yields on ir~n~~ickel-chrom{um alloys in the 

energy range•l keV to 10 keV to be 0.03 for D, 0.04 for T, 0,3 for He, and .2.0 for Ar. 

These values are expected to be good to better than an order of magnitude, and, in fact, 

the value obtained this way falls within a factor of two of the experimental data in Fig. 

12.3 for D on stainless steel. We feel less certain about scaling and extrapolating the 

sputtering data for H to estimate the yields for D and T at energies below 1 keV; 

however, we assume that they fall off linearly below 1 keV. 

Wall Erosion 

For a twenty year lifetime the wall erosion rates cannot appreciably exceed 

10-2 cm/year. The yearly erosion rate from sputtering by particle i with energy E is 

Ti(E) = C Si(E)Ji(E) = 3.8 x 10~16 cm sec. ~Si(E)Ji(E) 
year atom 

c 

'\, 

n = 

7 (3.16 x 10 

8.4 x 1022 

sec 

year 

atoms 
cc 

-1' 
n 
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Fig. 12.6 The sputtering yield for 300 eV He+ 
bombardment as a function of the target's atomic 
number. The divisor (1 + y) indicates that the ion 
current was uncorrected for secondary electron 
yield y. Data f~nm Ref. 22. 
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Fig. 12. 7 Sputtering yield for 7 keV H! bom
bardment as a function of the target's atomic 
number. Data from Ref. 24. 
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figure from Ref. 26. 
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'i'able 12.3 

Sputt'erine Yi'eld Data f'or Fe, Cr, Ni. 

BOMBARDING 
PARTICLE 

7.2 keV H+ . 
2· 

+ 
7,5 keV H2 

+ 
8.0 keV H2 

+ 
7,2 keV H3 

+ 
7,5 keV H3 

+ 
8.0 keV H3 

35 keV H+ 

36 keV (H+ 

51 keV (H 
+ 

75 keV (H+ 

6.30 keV D+ 

100 eV He+ 

600 eV He+ 

100 eV A+ 

600 eV A+ 

1 keV A+ 

2 keV A+ 

5 keV A+ 

l. l keV Fe+ 

45 keV Fe+ 

l.O keV Ni+ 

45 keV Ni+ 

4:i keV Cr+ 

YIELD a 
Fe Target 

0.024 

0.017 

0.030 

0.022 

0.009b 

II+ ) b 0,009 . 
2+ 

0.016b H2 ) 
+ 

0.009b H2 ) . 

0.05 - 0,03b 

0.030 

0.170 

0.20,0.10 

1. 26' o. 90 

l.4 

2.0b 

2.5b 

1.1 

2.9 

Ni Target 

0.037 

q.035 

0.058 

0,058 

0,028 

1.18 

0.28,0.25 

1,5:;!,l.5 

2.1 

1.0 

3.8 

a. 
b. 

The yield per bombarding particle where 
Stainless Steel. 

H + 
2 

Cr Target 

0.030 

0.20 

. o. 30 

1. 30 

REFR. 

24 

24 

24 

24 

24 

24 

37 

38 

38 

38 

20 

21,22 

21,2?, 

21,23,25 

25,39 

39 

39 

40 

40 

10 

40 

40 

is counted as one bombarding particle. 
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Here Ti i.s the thickness that is erode.ct in· . cm/year; C is a constant that varies with 

_the atomic density of the. wall, .n, _as_ shown.·. a.nd is . assigned a value that. is typical ·of 

ferrous- and nickel-alloys; S .(E) is the sputtering coefficient of projectile i with 
l 

energ)' E _in atorils:per ion; }l·nd. J·.i(E) is the f.lux in ions (pr .. neutrals)/cm2-s~~. 

As mentioned earlier the fluxes and energies of the bombardin'g particles are 

not known; however, in Table 12. 4 are presented the calculated first wall erosion ·from 

sputtering for four cases: Case I - the design case -:- the bombarding energy is 300 eV 

and· the fluxes are 0.1 J 
max 

Case II the plasma energy is 300 eV, the p~tential ·sheath 

is 800 eV, and the ·fluxes are Jmax. Case III ~ the plasma energy is 100 eV, the sheath 

potential is zero, and the fluxes are J 
max 

Case IV - the bombarding ·energy.· is 1 - 10 

keV ('characteri"stic of the edge of the burni.ng plasma) and the .fluxes are 0.01 J 
max 

In all of the calculated cases argon bombardmerit 'dominates the erosion rate. 

We do not have enough . understanding of the plasma tran·sport and temperature in the 

scrapeoff region· to place· any figure of merit on the bombardme·nt conditions assumed in 

Case .I - the design case. Erosion by the sputtered wall particles (e.g., Fe and Ni) will 

be negligibie. as· iong as thefr 'bombarding energy is below '" 1 keV. 

These ca·1culat ions suggest that the wall erosion rate from D, T, and He 

par~ icl~.s. that esc_ape. from the plasma will be tolerable provided (l) these ~scaping .. 

particles strike the wall no m·ore than once .before they are PU!11ped (The divert or should 

prevent most of them from striking the wall :even once.), (2): there are not l'oca11y·: high 

fluxes such as at the divertor entrance or ·near the refueling entrance, and' (3) the· 

estimated sputtering yields are accurate. 

Iri concluding this section on erosion by sputtering we wish to· reemphasize 

'the lack of.sputtering·data on the proposed firs·t wall alloy· and 'the un'certainty.of the 
J 

particle fluxes and energies that will bombard the wall. The combination of these two 

unknowns _prevents an a_c.curate predictior of the first wall erosion rate due to' s12utteri!1g 

at this time. 

Blistering and Associated Phenomena 

Blistering, pitting, flaki_ng, and exfoliation of surfaces subjected to 
+ + + 

bombardment by ·II 
' 

D ·.and He,. have .. been· reported for .both metals and 

insulators. 
2-4,27-33 

The available data indicate that blistering is favored by a· low gas. 

solubility and a high number of radiation-produced lattice vacancies, which promotes the 

coalescence of the injected gas and vacancies to form gas-filled bubbles: The region at 
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Table 12.4 

Erosion by Sputtering 

Energy s J 2 . T 
eV atoms/ion ions/cm -sec mm/year 

Case I - Design Case 

·o 300 0,015 6.0 x 1013 0.0034 

T 300 0.021 6.0 x 1013 0.0048 

He 300 0.07 7.8 x 1012 0.0021 

Ar 300 0.8 6.5 x 1012 0.0197 
0.0300 

Case II 

D llOO 0.05 6.0 x 1014 0, ll3 

T llOO 0.07 6.0 x 1014 0.159 

He >llOO 0,3 7.8 x 1013 0.089 

Ar >llOO 2.0 6.5 x 1013 0.493 
0.854 

Case III 

D 100 0.005 6.0.x 1014 O.Oll 

T 100 0.007 6.0 x 1014 0.016 

He 100 0.04 7.8 x 1013 0.012 

Ar 100 0.3 6.5 x 1013 0.074 
0.113 

Case IV 

D 103- 104 0.05 6.0 x 1012 0.001 

T 10 3- 10
4 0,07 6.0 x 1012 0.002 

He 103- 104 0.3 7.8 x lOll 0.001 

Ar 10
3
.- 104 2.0 6.5 x lOll 0.005 

0.009 
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which bubble growth initiates corresponds to the projected range or .penetration depth for 

the bombardirig ion (10 3 Angstroms for ~ 10 keV Hor He). 

Many factors are expected to influene,e the growth, migration, and eventual 

rupture of these bubbles. These include temperature, implantation rate and depth, 

re-solution probability of precipitated ga~, radiation damage, local stres~, yield 

strength, and target microstructure including grain size, crystallite orientation, and 

·precipit.ated soli.d phases such as. carbides. Unexpectedly high surface temperatures may 

develop due to subsurface bubbles lowering the thermal conductivity and result in 

evaporation, enhanced bubble growth, or surface rupture at a lower dose. Presently, the 

theoretical mode.ls for formation, growth, and rupture of· gas bubbles cannot predict the 

magnitude and na"t;ure of the surface damage thus produced, and experimental data on 

blistering of .iron- or nickel-alloys are scant. The short range (50 Angstrom) and high 

sputtering coefficient for 10 keV argon suggest that it will not cause blistering. On 

the other hand, we expect blistering to occur from bombardment with ~ 10 keV He and do 

not know.about bombardment with 10 keV H, D, or T. 
. 2 

Bauer and Thomas have found that 300 keV He implanted in stainless steel in 

the temperature range - 5o 0 c to 500°C produces a large amount of surface flaking after.a 
. 18 . 2 . 0 . 

critical He dose of 10 atoms/cm whereas at temperatures above 600 C it results ih 

ruptured surface blisters after doses of 5 x. l0 17atoms/cm2 . ·Their helium ion flux was 

6 x 1013 ions/cm2-sec. 
. 3 

Das and Kaminsky find that :blistering of 304 stainless steel 

from 100 keV He~ bombardment results in an equivalent erosion rate of ~ atoms/bombardin~ 

ion whereas 500 keV He results in an equivalent erosion of 1 atom/bombarding ion; these 

values are for target temperatures of 450°c and are estimated by careful examination of 

electron micrographs of the blistered surfaces. The erosion is lower at 300°C and 550°c. 

Blistering has also been reported by McCracken and 

36 keV He+ ion~; the temperature ranges differed 

~ ~ x 10 17 He+ at~ms/cm2 . 

4 
Erents for molybdenum bombarded by 

but t~e critical dose was still 

The value of 3 atoms/incident 100 keV He+ ion for blister-induced erosion of 

304 stainless steel at 450°C is a factor of 10 higher than the estimated sputtering 

coefficient for 1 - 10 keV He+. (The same properties that make PE-16 resistant to 

swell~ng may reduce its blister-induced erosion also.) If one assumes that 1% of the 

He+ ions exiting hit the fi:r;-st wall wi.th 100 keV energy (8 x 1011 ions/cm2 -sec), then the 

yearly erosion rate would be 0.01 mm/year, which is tolerable. In light of the 

surprising increase in blister-induced erosion yield as the ion energy decreases from 

500 keV to 100 keV , we cannot estimate its value at still lower energies and will bave 

to await experimental data. 
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Hydrogen is known ·to permeate through metals and have a h:lgher solubility than 

helium. This is the basis for predicting that blistering from hydrogen implantation will 

occur less often and require larger doses. This has been somewhat verified by the 

observation that 250 keV D+bombardment of 700°c Nb produces blistering after a fluence 

of ~ 10 19 ions/cm2 and that the surface damage is less severe than from 500 keV He+ 

bombardment. However, blistering in niobium from implanted D was unexpected and 

indicates the important role ·that radiation damage and kinetic effects must play in 

bubble formation. 

Neutron Sputtering 

Theoretical predictions for 14 MeV neutron sputtering are 10~4 - 10-5 atoms 

per neutron.34 •14 Kaminsky et al . 35 have recently discovered that 14 MeV neutron 

bombardment of room temperature Nb results in the ejection of 1arge chunks 

<~ 103 Angst~oms) of Nb from the surface. This is attributed to the high primary 

knock-on energy transferred to Nb by an elastic collision wi tl;l a 14 MeV neut1·011 (maximum 

transferred energy of 1 MeV). The primary: Nb knock-ons that are sufficiently near the 

surface result in chunks of material beine ejected. Kaminsky et al, report an average 

sputtering coefficient of 0,2 ± 0.1 atoms/incident 14 MeV neutron. The earlier two 

papers34 ;14 on 14 MeV neutron sputtering did not report ejected chunks; (They probably 

did not look for them); their values for 14 MeV neutron sputtering coefficients were 

between 16-2 - lo-3 atoms/neutron. For calculation of erosion due to neutron sputtering 

we shall use S = 0.2, the largest reported value. 

The flux of 14 MeV neutrons incident on the first wall has a peak value of 

1.28 x 10 14 neutron3/cm2·cec and Rn Rver~ge value of 7.81 x 10 13 neutrons/cm2-sec. W~ 
14 2 

shall calculate the erosion for the peak value of 1.28 x 10 neutrons/cm -sec. The 

formula for the yearly erosion rate given earlier can be used directly to calculate the 

erosjnn if w1e remembers thut most of the 14 MeV neutrons pass through the first wall so 

that both forward and backward sputtering are present. The forward and backward 

sputtering coeffici~nts are taken to be. the same. (Kaminsky et al. found the forward 

sputtering coeffici~nt about 20% larger than the backward sputtering coefficient.) The 

calculated peak erosion rate is 

-16 14 2 x 3.8 x 10 cm - sec/atom - year x 0.2 atom/neutron x 1.3 x 10 n/sec 

0.02 cm/year. 
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-This .value suggests that the 0. 08 cm thick firs·t wall tubing will. not have ·a life time of 

more than )about a year; however, -future experiments on PE-16 at· expected operating 

-temperatures are needed to ascerta·in whether its effective 14 MeV neutron· sputt-ering 

coefficient'-is greater or less than 0.2 itoms/14 MeV neutron. 

Discussion 

Limit~d experimental data •are available o~.pertinent sputtering yields and 

blistering of iron, nickel, and their alloys subjected to ion bombardment with H+, D\ 

He+ or Ar+. The sputtering data were obtained before blistering from injected H,D, and 

He. had been observed. The study of blistering•. a:nd associated phenomena is in the stage 

of. chara·cterizing the dependence of the -surface, damag·e on. a few· parameters - energy, 

fluenc·e ,' ··temperature, ·target materia·l ;. -information is not yet . available to forecast the 

cumulative wall damage and erosion• from long term particle· bombardment. The large 

threshold:dose (-v 1017.ions/cm2-sec), microscopic size(,;, lo.-6 - lo-3 :cm), and .impulsive 

gas ·release with su·rface rupture -typical of blistering· ·mal~e it dif·ficult to ascertain 

·whether possible erosion• contribution·· from blistering were measured in some of· the ea_rly 

sputtering experiments.20,2?,24,25 

Recent -experimental. data show that blistering occurs· for. 2 ·keV He bombardment 

of Nb. 36 ·The question· of how ·much erosion this produces ·has yet to be determined. .The 

. 26 
'collection method used ~y Gronlund and Moore for determining the sputtering coefficient 

of 2 ~ 12 keV He+ on sil~er· should not measure any erosion due to blistering, whereas 

experiments such as those of Wehner 21 where the target mass loss or fluence required to 

drill a hole through the target is measured may wlso include erosion due to blistering. ( . 

The estimate of wall erosion· due to particle bombardment in ·this ciP.s:i.e;n -was 

·o·; 03 mm/year. This: assumes that 10% of the exiting ions bombard the· first wall with an 

energy of 300 eV.· (lf these assumptions are wrong, ·significantly higher erosion rates 

are possible. ·.Especially if a significant number of -v 100-keV He particles bombard the 

first ~all,) However, for this design case particle bombardment produces negligible 

·erosion compared with neutron erosion of 0 ;2 mm/year. 

No experimental data exist on nickel -and iron alloys ·under prolonged and/or 

' ' 
simultaneous bombardment with H-, D-, He~ and Ar-ions or neutrals in the energy range 5 

eV to 50 keV and 14 MeV. neutrons .. Such expe~iments are needed since the erosion from 

combined bombardment is unlikely to be the sum of separate erosion rat~s - especially 
'. o! 

when blistering~'occurs. 
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This presentation of experimental data on Fe, Ni, and Cr and the subsequent 

use of it to estimate erosion rates of ferrous- or nickel-alloys are made in the hope 

that the scarcity of data and uncertainty in the estimated erosion rates are noted. In 

addition to measuring gross erosion. rates, an experimentaJ program should aim at 

characterizing and understanding the factors that determine both (1) the .migration, 

holdup and reemission of the injected ~,D, and He atoms and (2) the energy and identity 

of material eroded from the surface. This is important because of possible plasma 

contamination and interest in anticipating the holdup or migration through the first wall 

by tritium. 

The lack of data on bulk radiation effects will persist until prototype 

reactors are constructed. Materials evaluation programs must therefore aim at screening 

techniques and mor~ reliable extrapol~tions pf fission spectrum dat~. Alloys exhibiting 

·low volumetric swelling under ion bombardment must be irradiated tn-pile. It appears 

that the swelling problem is solvable through use of PE-16 or similar pr·ecipitation 

hardened austenitic such as A-28A and Inconel alloys such as 718. Irradiation of these 

alloys, all containing nickel, in HFIR (ORNL) would yield high ·fluence- high helium 

content data to establis.h ductility and·c:re.ep properties. Fluence dependence over the 

temperature range 300-700°c. must be determined. · · 
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Chapter 13 

Superconducting Magnets and Cryogenic Systems 

J. F°ile 

Introduction 

This chapter describes the superconducting magnet systems . and cryogenic 

equipment, including the refrigerators required to sustain reliable operation. 

The superconducting magnets are divided into two systems: 

a) The confining field coils with supporting cylinder, and 

b) The pulsed field coils. 

The pulsed field coils are further subdivided into three groups: 

a) The divertor coils, 

b) The vertical field coil~, 

c) The control coils. 

The first part of this chapter describes the two coil systems, as well as the 

design .criieria used for the various coils and their support. 

Superconducting magnets operate at temperatures well below 20 K, thereby 

necessitating a cryogenic cooling system using h.eliu.m .as a refrigerant, comprised of the 

following equipment: 

o.) The 'Dewar, 

b) Cryogenic helium, storage and repurifying equipment, 

c) The refrigeration equipment, piping and insulation. 

The second part of the chapter describes design criteria, as well as 

refrigeration requirements fo~ each component of the system. 

In the last part of this chapter, the power supplies to energize the magnet as 

well as an initial startup procedure are.described. 

Throughout this chapter we provu~e materials and equipment for the various 

,systems and components .described. We have limited this c!loice to materials· ~ml 

components now being manufactured or to those capable of manufacture after minor 

.modifications to prRsent proceseeo .. Prudenc~ dictates this apprpacb, bec~1se it not only 

lends itself to credible practical design, but also to more accurate cost estimates that 

can· be easily compared to costs of existing devices. 

32::! 
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Toroidal Field Coils 

Description 

The function of the toroidal field coils is to provide a steady toroidal 

magnetic field to help confine arid stabilize the plasl!la during the burning cycle. For 

flexibility of access to th~ center of the·reactor and for ease of construction and 

assembly, the magnet is col!lprised of 48 D-shaped, discrete coils, ·one of which is shown 

in Fig. 13"; 1. The ·coils are equally·· "spaced.· in a toroidal arrangement as seen in 

Fig. 13.2. The design field is 160,000 gauss at the· inn~rmost· conductor thereby 

providing a field of· 60, 000 gauss· at the nominal plasma· radius of 10. 5 m. The toroidal 

field coils are described below. 

Technical and Economic Design Considerations 

4. 
The power density of a. fusion reactor increases as B , and the cost of the 

magnet 
.. 2 1, 2 

increases at a .somewhat lower rate (somewhere bet~een B and·B ). Because of 

·these reiationships, it 'is· generallj a~~e~d that fusion ~~a~tor desi~ners intend to take 

advantage of the.highest fields ·available, cons~stent with.other mechanical ~orist~aints 

·sUch· ·as first wall· loading'· and ·s:tress limits ·of st'ructural materials. Comme"rcially 

'bbtaihible srtperconductors are already capable of producing magnets with· fields in excess 

of 160,000 gauss 3 in relatively small bores. That field level taxes the known:limits 6f 

structural design. In addition to high fields, fusion reactors will require larger 

working volumes (by s~Veral orders of' magnitude) ihan any previbusl~ designerl. The 

combination of high field and large ·working volume r'equires 'the design. of· superconducting 

magnets.well beyond presen~ kriown technology. 

A novel design of a toroidal magnet .coil that partially a.c'r.ommodates the large 

forces generate~ 
4,5,6 

by a ·high field, large volume ma.gnet was pJ'.'evi.ously described. In 

a toroidal l!lagnet, the field strength within the usef'ul volume varies 'inversely with the 

radius· from the axis of ·symm~try, and in almost all cases the ·conductors ·generating such 

fieids will be subject to bendini ~oinen~s in addition to effective internal presstite: It 

was' shown that a conductor- tethered .at ~ither end and immersed in a toroidal field -will 

be· st.able if "it is in pure tension and,· therefore, not subject to bending moments. The 

net· 'forces are then -takeri on a cylindrical stru.cturaL eleinent to which the conductor· is 

tangent. Except where the conductor lies flat against the sup~ort,·· it· lies in a· curve 

such that its radius of curvat~re, P• is p~oportional to the radius from _the axis of the 

torus, r; P = kr. k ii a constant depending on the geometry of the system. (See Fig. 

13.3.) A coil of this shape is now c·ol!lmonly known as the "D coil". 
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Of all the commercially available superconductors, only two, Nb
3 

Sn and v
3 

Ga, 

are capable of operation ~t 160,000 gauss while maintaining usable current densities. It 

2· has been shown by Powell that there is no reasonable expectation that the price of v
3

Ga 

will ever be competitive with the price of Nb
3

Sn .. Further, he shows (see Fig. 13.4) that 

the projected cost of NbTi is two to four times larger than Nb
3

Sn at fields (less than 

80,0QO gauss) where either may be used. This seems to preclude the use of NbTi even as 

part of a hybrid coil system in fields below.80,000 gauss because, in addition to its 

higher cost, it has a lower critical temperature xhan Nb
3

Sn. The higher critical 

temperature of Nb
3

Sn permits higher operating temperatures of the refrigeration system, 

thereby reducing the capital cost of that system. 

In summary, therefore, the D coil shown in Figs. 13.1 and 13.2 was 

designed of Nb
3
Sn for the following.economic and technical reasons: 

a) It is ca~able of operation at 160,000 gau~s, 

b) It is the least expensive ~t.all field levels, 

c) It has .the highest· critical temperat~re thereby minimizing 

refrig~ration costs~ 

) 

Each coil is composed of five complete and two partial pancakes as shown in Fig. 13.5. 

The "T" shape of the cross section takes advantage of all the space availab~e to utilize 

a more favorable current density. Table ·13.1 lists electrical and mechanical parameters 

for the proposed toroidal field coils. 

Superconducting Material 

The superconducting tape proposed for the confining field coils, a typical 

cross section of which ~s shown in Fig. 13.6, is comprised of four parallel paths of 

superconductor, 4.5 ·cm wide. It is capable of carrying 10,000 amperes (2500 amperes per 

path). The design considerations that produced this size and configuration tape are 

described . below. Due to radial field instability, thermal stabilization and stress 

considerations, fifteen different thicknesses of tape are proposed from 0.48 to 1.52 cm 
I 

thick. This conserves both space and money. Each conductor is tailored to its unique 

location in the coil and contains the requisite amount of copper for .thermal 

stabilization and stainless steel for strength, Table 13.2 lists each of the .fifteen 

conductors used in the similarly numbered sections of Fig. 13.5. 

This proposed material is capable 6f being constructed with some modification 

to the present manufacturing processes,- but without ma.jar developments in the state of 

the art. We do not propose a multifilament superconductor now because of its very 

( 
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Table 13.1 

Parameters for Proposed Fusion Reactor.Toroidal 
\ 

Super.conduct or 

Width of Conductor 

Thickness of Conductor 

No. bf Pancakes/Coil 

Maximum Field at Conductor 

Nominal Plasma R~dius 
•. 

Field Coils 

Field at Nominil Plasmi Radius 

Ampere· rurns/Coil 

Minimum Current Density (Conductor Area) 

Current/Conductor 

Energy Stored in Field 

Inductance of Torus 

. Weight of Cylinder . 

Weight of Toroidal Coils 

0.48 - 1. 52 cm 

7 

160,000 gauss 

1050 cm 

' 60,000 gauss 

6.57 x 106 

2170 amp/cm2 

10 ,°000 amperes 
9 . 

250 x 10 joules 

5 x .10 3 henries 

106 kg 

6.2 x 106 kg 
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Table 13.2 

Nb Sn 
3 

Conductors in Conf ininff Field Coils 

Section Copper Thick. S.S. Thick. Superconductor Total Thick. 
(Centimeters) (Centimeters) Thick. & Other (Centimeters) 

(Centimeters) 

1 0.60 0.90 0.02 1. 52 
2 0.60 0.68 0.02 1. 30 
3 0.80 0.48 0,02 1.30 
4 0.60 0.30 0.02 0.92 
5 0.60 0.14 0.02 0.76 
6 0.40 0.90 0.02 1. 32 
7 0.50 0.68 0.02 1. 20 
8 0.60 0,48 0.02 1.10 
9 0.50 0.30 0.02 0.82 
10 0.40 0.14 0.02 0.56 
11 0.32 0.90 0.02 1.24 
12 0.32 0.68 0.02 L02 
13 0.32 0.48 0.02 0.82 
14 0.32 0.30 0.02 0.64 
15 0.32 0.14 0.02 0.48 



334 

preliminary state of development. However, if and when an economically competitive and 

satisfactory form of multifilament Nb3 Sn is developed, the proposed coil can easily be 

adapted to that material. 

1. Radial Field Instability 

Nb
3

Sn is presently available in relatively wide, thin tapes. Typically, it 

consists of a small amount of superconductor, sandwiched between layers of copper for 

stability and stainless st.eel for str.engt.h, all bonded together with solde.r. Fig. 13.7 

is an enlarged photograph o~ a typical, 1/2 cm wide, 0.042 cm thick, Nb3 Sn tape now being 

manuf·actured by the Intermagnetics General Corporation of Gui.lderland, New York. 

It has been found. that tapes of this type have a greater current carrying 

capacity when immersed in magnetic fields parallel to the wi~e edge. When operating in 

fields perpendicular to the wide edge, the current carrying capacity of tape material 

degrades. 7 • 8 The degradation, which increases with the aspect ratio of the ribbon, is 

due to eddy currents produced in the normal metals surrounding the superconductor. This 

limitation to the use of Nb
3

Sn tape is often called the radial field instability. 

Present design pra.ctice limits the current-carrying capacity to about 500 amps/cm of 

width/parallel path and operation of the tape in radial field components of less than 

40,000 gauss. Fig. 13.8 shows a cross section of one ~f the c6ils taken in the plane of 

the axis of the torus; the axial component of the field is plotted on one half of the 

coil cross section and the radial field component on the other half. It is seen that the 

maximum axial field component· is at the inner· edge of the bore and is, as previously 

stated,. 160·,ooo gauss. The maximum radial component is riear the outer edge of the torus, 

at about the middle of the build and is 33,000 gauss, composed of a toroidal field 

comp9nent' of 25,000 gauss and a poloidal field component of 8,000 gauss. This is well 

within the 40,00.0 gauss maximum allowable radial field. The proposed tape is designed to 

carry 560 amperes/cm of width/parallel path, in a maximum radial field component of 

40, 000 gauss. This r~presents only a moderate increase over presently used design 

practice. 

2. Thermal Stabiliz'ation 

It is well known that flux penetrates inside a Type II ~uperconductor such as 

Nb 3S~. As the flux penetrates into the superconductor, it concentrates. into bundl~s and 

becomes pinned to inhomogeneities, strains, dislocations or other defects in the 

material. Due to the· J X B Lorentz force, these bundles jump from barrier to barrier. 

This is known as flux jumping, and if enough energy ~s released during a flux jump to 

bring the local temperature above the critical 

follows. The local transition usually propagates 

temperature, T , a normal transition 
c 

rapidly, therP.hy rendering the whole 
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coil to its normal state. The effect of flux jumping can be minimized if one can quickly 

restore the local hot spot to a temperature below Tc before the normal transition spreads 

and becomes catastrophic. Superconductors have poor heat transport properties. In 

addition, the normal electrical resistivity of these materials is high, even at liquid 

helium temperatures. Therefore, if one places another material, usually called 

stabilizing material, of high thermal and electrical conductivity in intimate contact 

with the superconductor, the effect of flux jumping is minimized in the following way: 

a) As the temperature of a local area of the superconductor·exceeds Tc due to 

a flux jump, its electrical resistance becomes excessively high. · The current in the 

superconductor then ~lows in the lower resistance parallel path made available by the 

stabilizing material. 

b) At the same time, and because of the good conduction and thermal transport 

properties of the st~bilizer, the heat produced in the superconductor is quickly 

conducted to the helium coolant. 

c) If the I 2R ohmic heating in the stabilizer is minimal, and if the 

temperature of the superconductor attains a value less than T b~fore the local normal c 

transition spreads, then superconductivity is restored locally, and the current again 

flows in the superconductor. 

There are three methods of stabilizing supercoriductors. These are known as 

cryogenic, dynamic, and adiabatic stabilization. They are defined by Hancox9· as: 

a) Cryogenic stabilization, which depends on the provision of an alternative 

low resistance path for the current to flow. Sufficient stabilizing material must be 

provided so that the conductor is capable of carrying the current indefinitely without 

raising the temperature of the superconductor above T . 
. c 

b) Dynamic stabilization, which is obtained by the addition of sufficient 

normal material to magnetically damp any flux jumps so that the energy released can be 

removed locally by conduction and possible instabilitiel:> .rn·evented from growing. 

c) Adiabatic st<1hi l i.zation, which requires the use of fine filaments of 

superconductor so that the energy associated with a flux jump is too small to drive the 

conductor normal. 

If a large number of very thin wires or filaments can be contained in a 

conductor in such a way that each react~ independently to any magnetic field change, then 

the whole .conductor is stable. Magnetic interaction is prevented by fully transposing 

the filamentl:i within the conductor ('s in a Litz wire) and also to some ektent by 

twisting the wire. 



338 

Careful consideration must be given ·to stabilization when~ver a 

s~perconducting magnet is designed. The effect o~ using under-stabilized superconductors 

in any giyen application is to lower the useful current rating, i.e., design 

specifications c~nnot .be met. In this case, because of the choice of tape material, 

adiabatically stable operation is not possible; therefore, ·for economic reasons, and in 

the belief that the design of dynamically stable magnets will be better .understood in the 

next decade o.r so, .. we propose a dynamically. stable magnet for this reactor, using copper 

as the stabilizing material.. 

We choose copper as the stabilizing material even though high purity aluminum 

and nickel have some interesting possibilities,
10 

because copper has had widespread use 

and is more than adequate to fill the needs of this design. 

The amount of copper required depends on the severity of the flux jumps 

(therefore on .the magnitude of the magnetic field and the current flowing) as well as the 

conduction heat transfer properties of the copper and the superconductor. Hancox 11 has 

established design crit.eria. for the amount of copper and superconductor required for a 

conductor to operate in a dynamically stable mode. Accordin~~o these criteria, the 

average current density in the copper during normal transitions is not to exceed 4,600 

amperes/cm 2 , and accordingly each of the fifteen types of conductor listed in Table 13.2 

is designed for a lower av~rage current density. If the magnet were designed as a 

cryogenically stable magnet, the average current density in the copper during normal 

transitions would have to be .less than 2, 100 amps/cm2. 

3, Stress in the conductor 

In cgs, electromagnetic units, the tensile stress in a conductor bundle of a 

con st ant tension, 'moment-free coil has b~e.n shown to be 

T = Bikr (13.1) 

where Bis.the magnetic field at the conductor, I is the current flowing, k is the 

constant previously described, and r is the radial distance from tpe axis of the torus to 

the conductor. 

N~Sn is a very brittle, .intermetallic compound, and therefore can tolerate 

only limited elongation before breaking. In a composite tape c·onductor, the 

superconductor, the copper, and the support material are bonded together: In the early 

days of the manufacture of Nb Sn, the bonding techniques were such that the tape could . 3 

not tolerate strains of mucµ over 0.001. It was soon found that Nb3Sn can b.e ,deposited· 

in a pre-stressed condition, thereby. doublina the allowable strain. More recently, 
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advanced techniques of bonding copper, stainless steel and Nb3 Sn have produced conductors 

capable of withstanding strains in excess of 0.003. We therefore deemed it reasonable to 

assume that a strain of 0.003 is tolerable in our design. 

Considering expression 13.1, and Young's modulus for stainless steel, we limit 

the stress in any conductor to 90,000 psi and allow plastic deformation in the copper. 

Assuming a factor of safety of 1.5, we suggest that work-hardened stainless steel of 

yield 

E > 

stress greater than 135,000 psi (or equivalent 

6 
30 x 10 psi) be the strength material in the tape. 

4. Electrical Protecti~n of the Magnet 

non-magnetic material with 

Ir for any reason there is a normal transition in any part of a 

superconducting magnet, and it does not recover to the superconducting state, there will 

be ohmic heating of the normal region. In this event, the current in the conductor must 

be reduced to zero in a sufficiently short time to prevent excessive heating of the 

normal regions. The magnetic energy in a superconducting coil is customari1y dissipated 

in one of three ways: 

a) Within the Dewar system, 

b) Transferred to an external coil, or 

c) Transferred to an external resistive load. In high energy systems, the 

third alternative is usually preferred and is the one proposed for this reactor. 

Using the criteria suggested by Maddock,
12 

it is found that there is 

sufficient stabilizing copper in the conductor to prevent "burnout" in the magnet. The 

average temperature rise is less than 50 K while limiting the peak induced voltage to 

12,000 volts. 

Figure 13.9 shows the system designed to protect the confining field magnet. 

Each coil has its own protection with ~~ sensors that will isolate the coil from the 

rest of the magnet should it suffer a normal transition. 

Jt is assumed that the reactor could be kept on line until -its power output 

decreases to one-half ratArl (i.e., 1000 MW). Inusmuch as powe~ output varies as H4 , we 

see that 84%, or about 40 of the 48 coils, is needed to generate the required field to 

aLlaln 1/2 power, provided that the coils taken out ·of service are approximately evenly 

spaced. Should they not be evenly spaced, fewer coil outages can be tolerated, and the 

number vuries as the asymmetry u! the out-of-service coils increases. 

The inductance of each coil is about 100 H, the external resistance is 1.2 

ohms and the time constant for the current decay is 83.3 sec. The energy in each coil of 

5 x 10 9 joules is dissipated in an artificial lake containing about 1.6 x 106 gallons of 
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Fig. 13.9 Diagram of coil protection circuit 
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water, (2.i x 10 5 ft 3) whose temperature will be raised by o.2°c. Should all 48 coils 

undergo a normal transition, the temperature rise of the pool of water will be about 

9.6°C. 

5. The Supporting cylinder 

Forty-eight coils, evenly spaced and keyed to the supporting cylinder comprise 

the toroidal field magnet assembly, (See Fig. 13.10). The cylinder is made of eight 

segments to match the assembly procedure for the reactor. Since each of the conductor 

strands is in tension and designed to be self-supporting, the segmented supporting 

cylinder is subjected only to the compressive magnetic pressure of 15,000 psi (the 

magnetic prAssure at 160,000 gauGG). The total centering force on the cylinder is about 

5. 52 x 10
9 

lb or about 1.12 x 108 lb per coil. 

The segmented cylinder is 14 m high, 2.25 m inside radius, 2.70 m outside 

radius and 0.45 m thick. It is made of work-hardened stainless steel with yield stress 

of 150,000 psi. The maximum stress in the cylinder, using a safety factor of 1.5, is 

100,000 psi. Under maximum stress conditions, the cylinder deflects 0.75 cm. It weighs 

2.2 x and is housed in a segmented Dewar as shown in Fig. 13.11. This 

arr.angement eU.minates the need to tra.nsmit high forces· thruugh Dewar walls. 'I'he weight 

of the toroidal field magnet assembly is supported by low conductivity rods and pylons 

from the inside structure of the Dewar. Individual coils cannot be removed from the 

reactor unless the whole assembly is warmed up. Should one or more coils fail, the 

reactor continues to operate at reduced power (see above). The affected coils are 

repaired during a long-term shutdown. 

Pulsed Field Coils 

The vertical fields required to ignite, heat, stabilize, clean and control the 

plasma are pulsed over a period of 100 minutes, of which about 13 seconds is the rise 

portion of thA pulse. For details of the pulse cycle see Chapter 5. There are three 

sets of vertical field coils. (See Fig. 13.12.) They are: 

a) The vertical field coils, placed inside the D coils, used to heat and 

ignitP the plasma. 1 

b) The divertor ~ield coils, placed inside the D coils, used to produce the 

poloidal divertn~ field, 

c) The control coils, placed outside of the D coil, used to induce a voltage 

to maintain the plasma current during the 97-minute burning period. 
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Pulsed Field Requirements and Losses 

The vertical field and divertor coils are inside the D confining field coils 

and when pulsed are energized to full current in about 13 seconds. For economic reasons, 
i i . 2 

these coils will be made of Nb3Sn with a peak current density of 2000 amperes/cm across 

the face of the coil. For compatibility with the D coil and refrigeration system, the 

material is Nb3Sn similar to that shown in Fig. 13.6, but the amount of stainless steel 

and copper is tailored to the pulsed field operating conditions, i.e., to achieve a 

30,000 gauss peak in about '13 seconds. This moderate operating condition should not 

cause severe losses in the coil itself, and multifilament wire will probably not be 

necessary for these coils. However, ea.ch of the coils is easily adaptable to 

multifilament material, either of Nb
3

Sn (if developed) or NbTi. 

When the vertical field and divertor coils are pulsed, flux is produced during 

the rise. Some energy is dissipated as eddy current losses in the normal material of the 

toroidal field coils (copper and steel). This adds to the heat load on the 

refrigeration system. Alternatively the coils can be shielded by a high conductivity 

shield with high heat capacity in which the ohmic losses can be cooled during the pulse. 

A shield of this kind is massive and ner.essitates large amounts of copper that otherwise 

would not be needed. Therefore, the decision not to shield the coils is economic; the 

added refrigeration required is nominal and is less expensive than constructing the 

normal, external copper shield on the D coils. 

It can be shown that only a fraction of the energy, inversely proportional to 

the ri8e time, r, of the pulsed field, is dissipated as eddy current loss when the 

pulsed field diffuses into ,the toroidal fie.Id coils. For a cylindrically shaped 

conductor, for example, the fra.r.ti.onal loss is given approximately by the expression: 

F A (13. 2) 
8 TI D T 

where A is the cross sectional area nf the material throug~ which the flux diffuses in 

cm2 
T is the rise time in sec., and D is diffusion coefficient, D = 109 p/411 , where 

p is the effective resistivity in ohm-cm. 

The energy density, in jm1les per unit volume of normal metal through which 

the field diff~ses, produced by the pulsed field coils is: 

(13.3) 

where B is the pulsed field strength in gauss. By combining expression 13.2 and 13.3 and 
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the expression for D, the diffusion coefficient, one obtains 

E - (13.4) 

where E is the portion of the energy in joules, dissipated as eddy currents induced in 

the normal material per unit length of confining field coil.-

The added refrigeration required (in watts) is given by 

R 1 
(13.5) 

1671 PTT 

where V is the volume of the normal metal through which the field diffuses, and T is the 

period of the pulse. 

Applying expression (13.5) to our case, taking into account the amount of 
I 

copper and stainless steel in each of the 15 proposed sections, the resistivity and 

magneto-resistance of copper and stainless steel at 4 K and 160,000 gauss, respectively, 

with pulsed fields of up to 30,000 gauss, and using the rise time and period previously 

described, we find that the additional refrigeration required due to the diffusion of the 

pulsed field into the toroidal field is about 35 kW. 

The p.ulsed field coils, the toroidal f~eld coils and their Dewars are 

supported as shown .in Fig. 13.12. During normal operation, the structure supports only 

the dead weight of the coil$. These forces are transmitted through the Dewar walls by 

low conductivity supports. 

Coil Design Fault Forces 

In case of faults, the fault forces are supported by the bracing between 

coils. The fault forces, ·which are most severe between confining field coils and which 

could be a$ high as 10
8 

lb, are transmitted through the Dewar by low conquctivity 

compression members that do not touch unless. the·. magnetic field becomes asymmetric. 

Movement of 0.5 cm is required before contact with the compression member is made. 

There are .a large number of pos·sibilities of coil failures. Only two 

.of . the possible modes are presented. The first considers the fault forces on 

all remaining coils if any one of the 48 coils fails and is no longer energized. 

The second considers two adjacent . coils failin~ under the same conditions as above. 

Tables 13. 3 and 13. 4 tabulate the forces on each of the remaining e1.er'g'ize:d .:coils. 

We tabulate Fx, 

total force 

.the radial force, F z , 

(the vectorial sum of. 

the tangential 

F 
x 

and 

axial force, Ft' the 

Mzx' the overturning 

·-::·. 



Coil Radial Tangential Total Torque 
Number Force Force Force About Y-Axis 

Fx (lbs) Fz (lbs) Ft (lbs) Mzx (ft-lbs) 

1 'I his Coil Fails Table 13.3 Force and Torque Matrix; 
2 -1.0570 08 -8.8800 07 1.3810 08 -8.3880 08 
3 -1.0600 08 -4.1610 07 1.1390 08 -3.9630 08 One Coil Fails (48 Coil Torus) 
4 -1.0650 08 -2.5400 07 1.0950 08 -2.4260 08 
5 -1. 0690 08 -1. 7140 07 . 1. 0830 08 -1. 6310 08 
6 -1.0740 08 -1. 2170 07 1. 0810 08 -1.1450 08 
7 -1.0780 08 -8.8970 06 1.0820 08 -8.2180 07 
8 -1.0830 08 -6,6340 06 1. 0850 08 -5.9680 07 
9 -1. 0860 08 -5.0150 06 1.0870 08 -4.3580 07 

10 -1.0900 08 -3.8300 06 1.0900 08 -3.1870 07 
11 -1.0930 08 -2,9490 06 '1.0930 08 -2.3280 07 
12 -1. 0950 08 -2:,2860 06 1.0950 08 -1.6950 07 
13 -1.0970 08 -1. 7820 06 1.0990 08 -1.2260 07 
14 -1. 0990 08 -1. 3950 06 1.0990 08 -8. 7910 06 
15 -1.1010 08 -1. 0950 06 1.1010 08 -6.2310 06 
16 -1.1020 08 -8.61,50 05 1.1020 08 -4.3520 06 
17 -1.1030 08 -6,7730 05 l.104b 08 -2 ,9820 06 
18 -1.1040 08 -5.3070 05 1.1040 08 -1.9950 06 
19 -1.1050 08 -4.1280 05 1.1050 08 -1. 2950 06 
20 -1.1060 08 -3.1640 05 1.1060 08 -8.1060 05 y 
21 -1.1060 08 -2.3610 05 1.1060 08 -4.8430 05 
22 -1.1070 08 -1. 6770 05 1.1070 08 -2.7280 05 
23 -1.1070 08 -1. 0750 05 1.1070 08 -1. 4060 05 
24 -1.1070 08 -5.2470'04 1. 1070 08 -5.8340 04 
25 -1.1070 08 -2.2900-08 1.1070 08 -3.2490-07 
26 -1.1070 08 5.2460 04 1.1070 08 5.8280 04 x 27 -1.1070 08 1.0750 05 1.1070 08 1.4060 05 
28 -1.1070 08 1,6770 05 1.1070 08 2.7280 05 
29 -1.1060 08 2.3610 05 1.1060 08 4.8430 05 
30 -1.1060 08 3.1640 05 1.1060 08 8.1050 05 
31 -1.1050 08 4.1280 05 1.1050 08 1. 2950 06 
32 -1.1040 08 5.3070 05 1.1040 08 1. 9950 06 
33 -1.1030 08 6,7730 05 1.1040 08 2.9820 06 
34 -1.1020 08 8.6150 05 1. 1020 08 4.3520 06 z 35 -1.1010 08 1.0950 06 1.1010 08 6. 2310 06 
36 -1.0990 08 1. 3950 06 1.0990 08 8.7900 06 
37 -1.0970 08 1.7820 09 1. 0980 08 1.2260 07 
38 -1.0950 08 2.2860 06 1.0950 08 1.6950 07 
39 -:1. 0930 08 2.9490 06 1.0930 08 2.3280 07 
40 -1.0900 08 3,8300 06 1.0900 08 3,1870 07 
41 -1.0860 08 5.0150 06 1.0870 08 4.3580 07 
42 -1.0830 08 6.6340 06 1. 0850 08 5,9680' 07 
43 -1. 0780 08 8. 8970 06 1.0820 08. 8.2180 07 
44 -1.0740 08 1.2170 07 i.0810 08 1.1450 08 
45 -1.0690 08 1,7140 07 l.0830 08 1.6310 08 ·v.i 
46 -1.0650 08 2.5400 07 1.0950 08 2.4260 08 "'" 47 -1.0600 08 4.1610 07 1. 1390 08 3,9630 08 

....:] 

48 -1.0570 08 8.8800 07 1. 3810 08 8.3880 08 
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Coil Radial Tangential Total Torque 00 

Number Force Force Force About Y-Axis 
Fx (lbs) Fz ( lqs) Ft (lbs) Mzx (ft-lbs) 

1 This Coil Fails Table 13.4 Force and Torque Matrix; 
2 This Coil Fails 
3 -l.002D 08 -1. 304D 08 l.645D 08 -1. 23.5D 09 Two Adjacent Coils Fail ( 48 Co-il .Torus) 
4 -1.0lOD 08 -6.702D 07 1. 212D 08 -6.390D 08 
5 -l.019D 08 -4.254D 07 l.104D 08 -4.057D 08 
6 -l.028D 08 -2.931D 07 l.069D 08 -2.776D 08 
7 -l.037D 08 -2.106D 07 l.058D 08 -1. 967D 08 
8 -l.046D 08 -1. 553D 0·7 1.057D 08 -l.419D 08 
9 -l.054D 08 7 1.165D 01 -1. 060D 08 -1. 033D 08 

10 -l.061D 08 -8.845D 06 1. 064D 08 -7.545D 07 
11 -1. 067D 08 -6.780D 06 l.069D 08 -5.516D 07 
12 -l.073D 08 -5.236D 06 1.074D 08 -4,023D 07 
13 -1. 077D 08 -:-4.069D 06 1. 078D 08 -2: 921D 07 
14 -l.081D 08 -3.177D 06 1. 0820'08 -2.105D 07 
15 -l.085D 08 -2.490D 06 1.085D 08 -1. 502D 07 
16 -l.088D 08 -1. 957D 06 l.088D 08 -1. 058D 07 
17 -l.091D 08 -l.539D 06 1. 091D 08 -7.333D 06 
18 -l.093D 08 -1. 208D 06 1. 093D 08 -4.977D 06 
19 -l.094D 08 -9.435D 05 ·l.095D 08 -3.290D 06 

. 20 -1. 096D 08 -7. 291D 05 1. 096D 08 -2:106D 06 y 21 -l.097D 08 -5.525D 05 1.097D 08 -1. 295D 06. 
22 -l.098D 08 -4.038D 05 1. 098D 08 -7. 571D 05 
23 -l.099D 08 -2.751D 05 1.099D 08 -4.134D 05 
24 -l.099D 08 -1. 599D 05 1. 099D 08 -1. 989D 05 
25 -l.099D 08 -5.247D 04 l.099D 08 -5.831D 04 
26 -l.099D 08 5.247D 04 l .09.9D 08 5.831D 04 x 27 -l.099D 08 l.599D 05 l.099D 08 1. 989D 05 
28. -l.099D 08 2. 751D 05 l.099D 08 4.134D 05 
29 -l.098D 08 4.038D 05 1. 098D 08 7. 571D 05 
30 -l.097D 08 5.525D 05 l.097D 08 l.295D 06 
31 -l.096D 08 7. 291D 05 1.096D 08 2.106D 06 
32 -l.094D 08 9.435D 05 l.095D 08 3.290D 06 
33 -l.093D 08 1. 208D 06 1.093D 08 4,977D 06 
34 -l.091D 08 1. 539D, 06 l.091D 08 7.333D 06 
35 -l.088D 08 1. 957D 06 l.088D 08 l.058D 07 
36 -l.085D 08 2.490D 06 1.085D 08 l.502D 07 
37 -l.081D 08 3.177D 06 l.082D 08 2.105D 07 
38 -l.077D 08 4.069D 06 l.078D 08 2.921D 07 
39 -1. 073D 08 5. 236D 06 1.074D 08 4.023D 07 
40 -l.067D 08 6. 780D 06. l.069D 08 5.516D 07 
41 -l.061D 08 8.845D 06 l.064D 08 7.545D 07 
42 -l.054D 08 l.165D 07 l.060D 08 1. 033D 08 
£.13 -l.046D 08 1. 553D 07 l.057D 08 1. 419D 08 
44 -l.037D 08 2.106D 07 l.058D 08 l.967D 08 
45 -l.028D 08 2.931D 07 l.069D 08 2.776D 08 
46 -l.019D 08 4.254D 07 l.104D 08 4.057D 08 
47 -1.0lOD 08 6.702D 07 l. 212D 08 6.390D 08 
48 -l.002D 08 l.304D 08 l.645D 08 l.235D 09 
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moment about the Y axis. Because of symmetry, the vertical force FY, and the 

overturning moment about the x axis, M· 
zy 

The total radial force is 5.52 x 109 lb or 

are essentially zero, and therefore not shown. 

1.12. x 108 lb per coil. 

Of the two cases tabulated, the first is the most probable mode of failure. 

On the other hand, it is clear that as the number of adjacent coils that fail is 

increased, the tangential forces increase. These are maximum when half of the torus 

becomes deenergized. Figure 13.13 is a plot of the maximum forces on any single coil and 

moments, Fx, Fz, Ft and Mzx as a function of the number of adjacent deenergized coils in 

the torus. The centering force, Fx' is maximum when all the coils· are energized. The 

tangential force, Fz, and the torque about the Y .axis, M· have maximum.values when one 
. xz 

half of the torus is deenergized. The total force F 
t 

is a maximum when 20 coils are 

deenergized. Therefore the structure has beep designed according to the following 

maximum conditions: 

a) F 
x 1.12 x 108 lb per coil 

b) F 2.22 x 108 lb per coil· 
z 

c) J:'' 
t 2.30 x 108 lb pe1· coil 

d) M 2.05 x 108 ft-lb per coil .. xz 

Each of the above are considerably higher than the maxima tabulated in 

Tables 13.3 and 13.4. We choose to design the reactor to withstand the worst possible 

fault condition. 

The compression pads, made of glass epoxy laminate, NEMA G-10, whose 

properties are given below, are designed for the worst fault conditions, both for 

strength and increased heat load. For strength, an a·11owable compressive stress of 

10,000 psi is used. This results in each toroidal coil Dewar having 10 compression pads, 

a typical set of which is shown in Fig. 13.14, each with a compression area of 2250 in
2

. 

When faults occur, causing some of the compression pads to touch, the leak 

through the Dewar increases. The outer pads are kept at .liquid nitrogen temperature or 

lowe.r, to .minil'l]i7.P. the heat load to the liquid helium. During the worst fault condition, 
I 

the pads of 20 of the forty-eight coils will make contact. This results in an increased 

heat load to the helium of 80 kW above that discus::;ed below. 

Cryogenic Equipment 

Dewar De~ign 

The Dewar arraneemP.nt for the toroidal field coils is shown in Fig. l~.11. 

The construction. is typical for all the Dewars .. The Dewar is composed of an inner and 
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outer vacuum-tight stainless steel wall. The vacuum space of 3 cm is filled with layers 

of supe,rinsulation. A typical example of superinsulation made of glass paper and doubly 

aluminized mylar has been previously described. 13 For this kind of superinsulation, an 

average thermal conductivity of 1.5 x 106 watts/cm K is easily attainable. ·Using this 

value for thermal conductivity, ·it is calculated that the heat loss through the 

superinsulation for all the Dewars is 80 kW. 

It is proposed that the low conduqtivity supports be made of glass-epoxy 

·laminate, NEMA G-10. Allowable design stresses for this material are: 10; 000 psi in 

tension or compression and 2000 psi in shear at 4 K. Its thermal conductivity is 

-3 . 
2.6 x 10 watts/cm K. The coils, including coil forms, supports, and compression pads, 

weigh a total of 2.1 x-107 . lb, ·the loss due to conduction through the glastic supports 

is 70 kW. 

During normal operating conditions, the losses due to heat transfer through 
'\ 

the Dewar walls and from the glastic supports of all coil systems ~s 150 kW under the 

worst fault conditions, when operating at the 1/2 load condition described above this 

increases to 230 kW. Tabie 13.5 tabulates ·the refrige'ration requirements from each of 

the coil systems. 

Cryogenic Helium 

D~ring normal operation, the coolant is forced supercritical helium vapor. 

The required inventory is approximately 6.·5 x 105 liters. The helium system is closed and 

is shown in Fig. 13.15. Helium, cooled to cryogenic temperatures by the refrigerator, is 

used to cool the ma'gnet from 25 K to the starting temperature of 8 K. During normal 

operation, vapor is removed at a ~emperature of 10 K and a pressure of 15 psig, recooled 

by the refrigerator to 8 K, and returned to the Dewar at 8 K and 60 psi. 

The total helium produced both as ash and in the blanket is 10.2 m3' STP per 

day or the equivalent of 14.6 liters of liquid helium. This is a 0.0022% of the inventory 

and is deemed sufficient for daily makeup of both cryogenic helium and hot helium gas 

coolant during normal operation. That not used for makeup will be stored for future use 

in major shutdowns. 

Refrigeration Requirements 

The refrigeration requirements, tabulated in Table 13.5 for all the 

superconducting magnetic field coils, are generated from the following four sources: 

a) The diffusion of the pulsed fields into the normal regions of the 

confining coil (discussed above). 
~~ ·~~ ! ' ·.~'" : 
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Table 13.5 

Required Refrigeration for Fusion Power Reactor 

Source 

Pulsed Fields 

Neutron Radiation 
(Confining Field & Vertical 
Field Coils) 

Conductio~ (Through Coil 
Supports) 

Loss, kW 

35 

95 

70 

Conduct ion (Through Superinsulat ion) 80 

Total Loss 280 
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b) Conduction losses in the Dewar due.to gravity supports of the coil 

(discussed above). 

c) Conduction in the Dewar in certain fault conditions (discussed above). 

d) Conduction and radiation heat transrer.losses through the superinsulation 

(discussed above). 

e) Losses of 95 kW thermal due to neutron and gamma irradiation of all 

the.coils (discussed in Chapter 10). 

The heating due to neutron and gamma irradiation depends on the amount of attenuation in 

the blanket and the concrete shield. Chapter 10 describes the procedures and parameters 

used in designing the shielding blanket. For example, should the level of radiation 

prove to be excessive for convenient operation of the superconducting magnets and their 

Dewars, one can increase the thickness of the shield. 

The sum of the losses due to each of the four components listed above is 

280 kW, and the estimated power input is 84 MW during normal operation. 

"Refrigeration 

Although only 280 kW of refrigeration is required, under normal conditions, 

about 360 kW is provided. The 29% excess is necessary to take care of initial cooling 

down of the magnets, extra refrigeration required for cooling down spare magnet sections, 

extra refrigeration required during fault conditions and other contingencies such as 

failure of spare refrigeration units. Nine units of 40 kW each comprise the 

refrigeration plant; during normal operation seven units are used. The reirigeraLor~ are 

of the multi-stage turbo expander type, and for 8 K operation require 300 watts input for 

each watt of refrigeration. Each unit is field erected with proper cross-piping and 

control consoles. Each of the units is about 15 feet in diameter and about 30 feet in 

overall height. 

Neutron and Gamma Irradiation of Superconducting Magnet Systems 

A superconducting magnet system usually consists of the superconductor, the 

structure, · the coil supports,· the Dewar with superinsulation and any electrical 

insulation required. Since irradiation cannot be completely prevented, one must examine 

the consequences on the superconducting magnet system. 

The superconductor is composed of Nb3 Sn, copper and stainless steel. Chapter 

12 discusses neutron damage to engineering materials likely to be present in fusion 

' ·reactors including stainless steel, copper and insul~tion (both thermal and electrical). 
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Copper f6r superconducting applicati6ns is used because of its good electrical 

and thermal conduction, as well as for its high ratio of resistivity at 273 K to that at 

4 K. The lower the resistivity of the stabilizing copper, the less is the I 2 R loss when 

current flows in the normal material, and therefore, the better is the thermal 

stabilization during flux jumps. 

The magnetoresistance of copper is relatively higher than high-purity 

aluminum. When subj ec.ted to ne.utron irrad~a~ion, however, the magriet.oresistance of copper 

increases at a lower rate than that of aluminum making copper more suitable for use with 

high fluences; 

When copper is subjected to neutron irradiation, the resistivity ratio 

decreases~4 whi~h in tur~ decreases the stabilization properties of the copper. Fluences 

of 1018 to l019/cm2 , however, do not seem to alter the properties of copper appreciably. 

There is i·ndi"cati·on 15 •16· h · d" · f Nb S t fl f t at neutron irra iation o 
3 

n up o uences o 

from 1018 t~ 1019 /cm2 enhances the current carrying capacity of the supercon.ductor, and 

also that 

.Schweitzer 

.critical 

subsequent moderate annealing restores 

and Parkin 17 have shown that there may be 

previous properties. 

some drastic reduction 

Recently, 

temperature ap.d critical current in Nb3Sn- at fluences of about 

in both 

3 x 101~ cm2 

(neutrons < 1.0 MeV). There . d . t . h 18 th t t t . are ~n ica ions, owever, a res ora ion of former 

properties is accomplished after annealing NbTi for about five minutes at temperatures 

from 60-270 K. 

Very little is known about the properties of either thermal or electrical 

insulation when subjected to fluences of from 1018 to l019 /cm2 . There are even less data 

available on the behavior of these kinds of materials when. irradiated at cryogenic 

temperatures: 

For organic compounds such as polyest~r films and mylar, the threshold of 

15 2 19 mechanical damage occurs at a fluence of 3.3 x 10 /cm (for neutrons.> 0.1 MeV). 

Inorganic compounds such as mica, teramic and glass seem to be less 

susceptible to neutron. damage. For· exa~ple, at room temperature alumina was severely 

damaged at a fluence of 6 x lo21 /cm2 (neutrons > 0.1 MeV). 20 There is some hope that the 

data will be more favorable at· cryogenic temperatures, but no meaningful information 

seems tQ be available. 

It is clear that this is an area of materia1 testing that must be expanded in 

the near future. It is important to have. data on properties for specific materials when 

the first experimental power producing reactors are built. about a decade from now. As 

explained above, if necessary, neutron· irradiation of the cryogenic system can be 

reduced below the levels used in this design by increasing the thickness of the radiation 

shield. This, however, will increase the capital cost of the reactor. 
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Power Supplies and Initial Startup 

Power Supplies. 

1. Normal Charge 

We seek to charge the 48 toroidal field coils simultaneously to attain 

operating conditions in about three hours. Under those conditions the stored magnetic 

energy of each coil is 5200 megajoules. To accomplish this we charge at an initial 

voltage of 1000 volts and continuously decrease it to 25 volts while the current rises to 

the operating level of 10,000 amperes. This necessitates a power supply capable of 

producing 1.25 megawatts peak power or an average power of about 0.6 megawatt for each 

coil. 

2. Normal Discharge 

The power supply described above will be used for normal discharge of the 

coil. We simply reverse the normal charging procedure, and the coils are discharged in 

about three hours. 

3. Current Regulation 

During operation the resistive losses of each coil circuit (copper coil leads, 

shunts, etc.) will be compensated for by n 10 kW supply operating at 10,000 amperes and 

1 volt de. There are forty-eight of these units. 

absolute variation around the torus of 0.01%. 

Current regulation provides a maximum 

4. Emergency Discharge 

In the event of a normal transition, equipment safety problem, 

hazard, it is necessary to reduce the stored energy as rapidly as possible. 

limited by the maximum coil terminal voltage allowed of 12,000 volts. 

or personnel 

The rate is 

This enables 

reduction at an initial rate of 120 A/sec to about 3700 amperes in an e-fold time, and 

about 200 i~ four e-folds (about 5 1/2 minutes). In the discharge procedures, the energy 

appearing as heit in the dump resistor will be dissipated in the artificial lake 

described above, See Fig. 13.9 for the circuit diagram of the emergency discharge 

circuit. 

Initial Startup 

The initial startup procedure is described in Chapter 18. However, cooling of 

the magnet in preparation for initial startup is accomplished in three steps as follows: 

a) From ambient to 80 K, the magnet is cooled with liquid nitrogen and vented 

to the atmosphere, using an·average cooling rate of 2,000 kW. 

b) From 80 K to 25 K, it is cooled with liquid hydrogen and vented to the 

atmosphere with proper safety precautions, using an average cooling 

rate of 1,000 kW. 



358 

c) From 25 K to 8 K, it is cooled with forced supercritical helium vapor 

that is recovered and reliquified during the cooling ·process, using an 

average cooling rate of 300 kW. 

The total weight of the magnets is 2.1 x 107 pounds, and the time required to 
\ 

att.ain.8 K is approximately nine days. Figure 13.16 shows the magnet temperature as a 
/' 

function of time during cooldown. 

J 

, 
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. Chapter 14 

Fuel Handling 

E. F. Johnson 

Introduction 

This chapter describes the fuel flows throughout the fusion power reactor and 

the processing . sequences that are necessary to maintain a reactor feedstock of adequate 

purity while assuring on the one hand self-sufficienc~ in respect to the tritium fuel and 

on the other reasonable control of tritium losses to the environment. 

The principal fuel flows are shown as three major loops in Fig. 14.1, namely, 

the primary fuel loop, the coolant helium loop, and the breeder salt loop. In the 

primary fuel loop the reactor feed materials, deuterium, tritium, and argon, are 

circulated continuous!~ through the reactor along with small amounts of helium and 

protium ash. Both ash species are removed continuously in the course. of condensing the 

primary fuel stream. 

Because of the permeability of most metals at high temperatures to hydrogen 

isotopes, it is unavoidable that appreciable amounts of these isotopes will diffuse 

throughout the reactor system and to some extent wind up in the coolant helium. Chapter 

15 treats this problem at some length. Since the hel~um is used to heat the steam 

generators without the protection of an intermediate loop, its tritium pressures must be 

kept· low to prevent - losses of· tritium· to the steam cycle and subsequently to the 

environment. Low tritium pressures are achieved by maintaining a modest oxygen pressure 

in the helium to assure conversion of all hydrogenic species to water and by continuously 

removing the water by means of powerful desiccants or adsorbents. 

In the breeder salt loop most of the tritium generated ~rom the lithium in the 

salt is stripped out as tritium fluoride and recovered in cold traps. The small fraction 

of the tritium gener.ation that is not stripped out permeates into the coolant helium, 

where it is recovered as water. 

Whereas the principal constraint on tritium concentration in the coolant 

helium is the permissible permeation rate of tritium into the steam system, the principal 

constraint on tritium concentration in the breed~r salt is the allowable solution of 

tritium in metal walls before embrittlement occurs. A secondary constraint is the 

allowable inventory of. tritium. Because of the very large mass of the salt even low 

tritium concentrations correspond to substantial inventories. For example, one ppm 

tritium by mass represents nearly three kilograms of tritium tied up in the salt and 
,,; ...... 

decaying away. 
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Since it is likely that the tritium regenerated from the recovery systems on 

the coolant helium and the breeder salt will be contaminated somewhat with protium 

because of back permeation from the steam system, the regenerated tritium streams are fed 

back to the primary fuel loop just upstream of the ash removal system on that loop as 

shown in Fig.· 14.1. 

The foregoing provides a brief overview of the fuel handling features of the 

plant. We now examine in detail each of the three loops, their features and components, 

and the alternative possibilities. 

~rimary Fuel Loop 

Principal Elements and Flo\vs 

The principal elements comprising the primary fuel loop are shown· in Fig. 

14.2, and typical fJ.ows and compositions are summarized in Table 14.1. 

A variety of processing schemes might be employed to effect the purification 

of the primary fuel flow. We have chosen to rely on fractiona~ distillation because the 
1 

technology for the hydrogen-deuterium system is well known, and the require.ments for 

mechanical apparatus are minimal. 

The principal elements in the primary fuel flow path are the injectors, the 

reactor, the ·divertors, cool.ers and traps, vacuum pumps, a compressor, precooler, the 

primary fractionator, and the fuel storage facilities at the ejectors. 

Some deuterium and tritium escai.H= Irorn the primary loop by permeation into the 

coolant helium at the divertors and at the high temperature end of.the coolers before the 

vacuum pumps. The amounts, though· small relative to the total fuel flow rates, may be of 

the same order of m::i.gnit,ude as the burn-up. They are routinely accommodated 1.Jy the 

tritium processing system fo~ th~ coolant helium. 

Once the fuel stream temperatures fall below about 300°c the possibilities for 

loss through permeation of metal.walls vanish, and coolants other than helium may be used 

to red~ce the temperature to the low levels necessary to avoid excessive thermal loads bn 

the vacuum pumps. These· pumps are conventional, albeit large, mercury diffusion pumps 

followed by mercury injector pumps exhausting gases at 40 torr. 

After leaving these pumps the reactor exhaust gas is compressed to 

approximately 10 atm in a multi].)l,e_-sta.ge hydrogen compressor, then cooled aimost to 

its dewpoint before passing into the primary fractionator tower. In "the tower 

the gas is virtually entirely condensed to liquid except for the helium ash and protium 
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Table 14.L Typical Flows in Primary Fuel Loop 

Ileactor Feed Vacuum Pump Pre cooler Primary Fractionator .cyclic Condenser Secondary· 
Component g/hr m·o1e Effluent Effluent B6ttoms ··Exit Gas Exit Gas Fractionator 

fraction g/hr g/hr· mole g/hr mole ---g/h_r _ -.-g/hr Overhead 
fraction fraction g/hr 

He 29.3 29.3 0.100 29.3 29.3 . '·· :~·· ~ .· . 
· .... 

t ::-_'-~:>::.>-.(· ~: :::~ .. · 
H o.o o.o o.ooo .. :o·: •. 3- ·-

HD 0.15 0.15 0.001 0.9 o. 008 ~ < 0.01 

HT 0.10 0.9 0.003 0.02 0.000 < 10-7 

D2 77.1 0.277 77.Q 77.6 0.263 62.2 0.236 

DT 219.8 ·o.632. 182.8 182.8 0.497 219.8 0.667 

T2 o.o o.o 21. 5 0.049 

Ar 252.8 0.091 252.8 252.8 0.087 252.8 0.097 

Total 549.6 1. 000 542.2 565.1 1.000 534.8 1 .. 000 30.2 29.3 0.3 
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ash, which escape overhead. The bottoms from the tower, i.e., the liquid leaving the 

bottom of the tower, flows to storage, from which it is mixed with make-up deuterium and 

reinjected into the reactor. 

The operation of the primary fuel loop may be regarded as a recycling of a 

stream consisting of deuterium, tritium, and argon with some appearance and subsequent 

loss of helium and protium ash at the expense of some of the deuterium and tritium, which 

expense is made up by the addition of deuterium from outside purchase and.of tritium from 

the tritium recovery systems on the coolant helium and the breeder blanket. 

The change in composition of the fuel stream per pass through the reactor is 

of the same order as the fractional burn-up, roughly a ten mole percent drop for the 

total deuterium and tritium and a corresponding ten mole (atom) percent rise for the 

helium. Thus, the helium must be removed continuously from the reactor effluent to 

' maintain adequate compositions in the reactor feed. In principle, the protium ash, which 

is produced at a much lower rate, could be removed intermittently. Neither of these 

separations poses any serious problems, and the equipment requirements for effecting them 

are so morlRRt that there is no advantage in attempting to define them in great detail at 

this stage of development. We describe below their likely features. 

Primary·Fuel Loop Purification System 

1. Choice of System 

Both cryogenic fractional distillation and multistage permeation of metal 

membranes· are attractive possibilities for separating the isotopes of hydrogen from eac.:h 

other and from other gases. Preliminary studies by Anastasia and Maron~ on the former 

and Kobisk3 o~ the latter attest to the likely· practicability of either process. 

Permeation has the advantage of proceeding atomically with the result that the separation 

of the individual isotopes is not confounded by the formation of HD and HT. Furthermore, 

since the streams are hanrllRrl as gases during the separation processes, the tritium 

tnventories can be somewhat smaller. Nevertheless the principal 'dvantages would appear 

to· lie with the fractional distillation system for the following reasons. 

a) The fractionation can be effected in the normal course of cond~nsing the 

fuel gas for subsequent reinjection. With permeation systems the fuel gas would have to 

be compressed ·and heated to temperatures optimal for the permeatiun. 

b) The total liquid phase holdup necessary for proper functioning of the 

fractio~ators is relatively small because the towers are small; hence the tritium holdup 

in the purification system can be small. 
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c) Although the hydrogen isotopes permeate metals at different rates, the 

differences in rates of surface processes may be in the opposite sense. 

Figure 14.3 shows a possible purification system for the primary fuel loop. 

We make no claim that the system is optimal, only that it is practicable and relatively 

simple. The characteristics of the system are described below in terms of each of the 

major parts of the system. 

2. Precoolers 

Because of the low mass flow rates of· the primary fuel stre~m and the 

availability of cold helium from the magnet's cryostat, the simplest procedure for 

condensing the fuel is to precool it to its dewpoint by indirect heat exchange with 

helium and then condense it by direct contact with refluxing liquid fuel in the primary 

fractionator. 

Vapor pressures for argon, recomputed from data in Perry~ are shown in Fig. 

14.4~ and the corresponding dewpoints for various argon concentrations in the fuel gas 

and.various total pressures are presented in Fig. 14.5, assuming the fuel gas behaves 

ideally in the ranges of conditions covered by the figure. At a total pressure of 10 atm 

and an argon content of 0.10 mole fraction the gas exit from the precoolers should not be 

much cooler than 90 K. 

If ~e assume the aftercoolers (not shown) on the compressor hold the fuel gas 

temperature to 300 K, the precooler duty is to cool the gas roughly 200°, A subsidiary 

functio~ of the precooler1 is to trap out any smalY•mounts. of high-Z material picked up 

by the fuel stream. Any such accumulation would be melted out periodically and drained 

to the drag stream fractionator for subsequent elimination from
0

the loop. 

3. Primary FractionatoD 

The primary fractionator cons~sts of a column, 3 cm in diameter and 2 m tall,· 

fi~led with p~cking like Podbielniak Heli-Pak giving a separating power equivalent· to one 

theoretical plate per cm height~ a small reboiler at the bottom, and at the top a total 

condenser and a small reflux accumulator. 

On entering the column at a point in the lower half of the column the feed 

stream enc~unters • liquid down flow or reflux, which is several times the gas mass flow 

rate, witb the result that most of the gas is quickly cooled and condensed to liquid as 

it is swept up the column by the cold vapors rising from the reboiler. In distillation 

parlance the section of the column above the .feed entry is an enriching section because 

the vapors rising through it become progressively richer in the more volatile species 
;• (, 

present in the vapor, for example, H2 and HD, whereas the section of the column below 
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the feed is a stripping section because the liquid downflow becomes increasingly stripped 

of its more volatile. spec,ies l:!-S it moves down through th~ pack:i.ng. 

Since the column is operated under essentially total reflux condition, i.e., 

all the c~ndensable' vapo'r emerging 'from the top of the column is condensed and returned 

to the, column as liquid downflow, the s~parating power is maximized. The only flows out 

of the fractionation system are the liquid bottoms stream out of the reboiler and the 

he.lium gas stream leaving the vapor space of the reflux accumulator. The former contains 

only argon, tritium and deuterium (mostly as DT and D2 ), and th~ 'latter contains all the 

helium ash and protium ash plus deuterium as lID and very small amounts of tritium as HT. 

At total reflux the separating capability of a column of.a.given number of 

theoretical plates can be estimated ~eadily from Fenske's equation, 

where 

x· 
B 

n 

mole fraction of more volatile c·onstituent 

mole fraction of less volatile constituent 

relative volatility of A with respect to B 

numbe~ of theoretical stages between feed point and 

top of column. 

Vapor pressure and melting point data for the components in the fuel 

(14.1) 

streams are summarized in Table 14.2,
6

•
7

•
8 

and vapor pressure curves for the hydrogen 

isotopes, recomputed from the tabulatio_ns of Mittelhauser and Thodos~. are presented in 

Fig. 14.6. 

For ideal solutions the relative volatility is given by the ratio of the vapor 

pressures of the .pure specie.s at the particular temperature of interest. The small 

amount of protium in the feed will tend to be present as lID and HT in a distribution 

equal to the distribution of D and T. For the purposes of this illustration we will lump 

the HD and HT ·together as a single species, A, and the remaining n2 , T2 and DT as species 

B. The averaged vapor pressures around 35 K yield an equivalent a of 1.14. From Table 

J 
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Table 14.2. Some Properties of Primary Fuel Stream Components 

He-3 He-4 r,-H2 IID HT n-D2 DT n-T2 Ar 

Molecular Weight 3.016 4.003 2.016 3.022 4.025 4.028 5.031 6.034 39.95 

Triple Point, I: 13.96 16.60 17.62 18.73 19.71 20.62 84.0 

P, atm 0.071 0.122 0.144 0.169 0.192 0.213 

Normal Boiling 
Point, K 20.39 23.67 25.04 87. 5 

Critical Temperature 
K 3.31 5.19 33.24 35.91 37.13 38.35 39.42 40.44 151.2 
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14.1 the molar ratio of the column feed (precooler effluent) is 0.004/0.809, whence, for 

100 theoretical plates 

(:A). 1.14lOO (g:~gn= 2.4 x 10 3 . 
B top 

(14.2) 

Thus x HD + x HT at the top of the column will exceed 0.999, and inverting the 

calculation for the bottom of the tower for only ten theoretical plates, the 

concentration of protium would be less than 0.001 mole fraction. 

As can be seen from Fig. 14.6 the relative volatilities increase with 

decreasing temperature, and consequently improved separation could be achieved by 

operating. the tower at lower pressures. Unfortunately the limited solubility of solid 

argon in hyrlrngen places a lower bound on system temperatures if we wish to avoid the 

difficulties inherent in handling slurries. Figure 14.7 presents an estimate of the 

solubility of argon· in ideal solutions, from which it can be seen that reboiler 

temperatures should exceed about 36 K, requir.ing that we operate the column at pressures 

around 10 atm. 

The solubility of argon was estimated from the thermodynamic expression for 

the temperature coefficient of solubility of a solute as a function of its heat of 

1 
. 9 

so ut1on 

where 

·. (~) 
ClT p 

x mole fraction solute 

L 

RT 2 (14.3) 

L molar heat of solution or ~ulute 

R molar gas constant 

T K. 

By assuming that the heat of solution of argon changes little with 

temperature we may inteirate Eq~ 14.3 from the melting point of argon, 83.95 K, where 

x = 1.0, and the heat of solution equals the heat of fusion, 290 cal/g mole~O down to 

any temperature T to get 

ln x (14.4) 
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The fractionator bottoms stream flows to storage where it is ready for 

reinjection except for the fact that it is deficient in deuterium by the amount of burnup 

in the reactor. For lack of better insights into the injection problem, we assume that 

the deuterium can be added in a tightly controlle~ way to the argon-fuel stream from 

storage to provide the requisite composition for manufacturing fuel pellets. Given the 

insolubility of argon in the fuel at low temperature it is clear that the pelletizing and 

injection operations will pose difficult technological challenges. If the pellets are 

solidified by evaporative cooling of fuel droplets, the actual feed to the pelletizer 

must be richer in fuel species than the pellet entering the plasma. 

Since the primary fuel loop involves a continual recycling, there must be 

provisions for preventing the buildup of undesirable materials in the flowing stream. 

Volatile materials routinely get carried off in the helium ash overhead from the primary 

fractionator, but a drag stream is necessary to accommodate the heavy impurities. A 

small fractionator is shown in Fig. 14.3 deriving its feed from a drag stream on the 

primary fractionator bottoms and also from any solids accumulation in the precoolers. 

This drag stream fractionator presumably would run intermittently, accumulating 

impurities in its reboiler, which from time to time would be rejected to a final tritium 

containment control. 

The condensate temperatures in the reflux condenser and reflux accumulator 

exert a sensitive control on the hydrogen concentrations at the top of the primary 

fractionator. For a given protium feed rate to the column the lower these temperatures 

can be maintained, the higher the concentration of protium and protium deuteride at the 

top of the column, and consequently the lower the recycle of tritium to' the secondary 

fractionator. Even though no molecular protium (~)enters the primary fractionator, it 

will tend to accumulate at the top of the column by virtue of some equilibration via the 

• 
reaction, 

+ HD + HT ~ H2 + DT (14.5) 

which will be driven to the right because the products are respectively more volatile and 

less volatile than either of the reactants. The protium will tend to be carried off in 

the helium gas leaving the reflux accumulator, and the DT will tend to be carried down 

the ~olumn in the liquid reflux. If necessary, the equilibration can be speeded up by 

inserting appropropriate catalysts like iron oxide or silica ge111 in the top of the 

column and in the reflux accumulator. 

We have assumed that the total protium entering the primary fuel loop is of 

the order of 0.3 g atoms H per hour, one-third of ~hich is produced in the reactor, and 
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two-thirds is the result of back permeation of hydrogen from the steam side of the 

boilers into the coolant helium. The latter enter~ the primary fuel loop along with the 

tritium recovered from the ·coolant helium. It is likely that the back permeation will be 

at a much lower rate (see.Chapter 15), hence our design is conservative. 

4. Cyclic Condenser 

The helium ash leaving the reflux accumulator passes through a cyclic 

condenser maintain"ed at temperatures below 10 K by cold· helium gas from the magnet 

cryos~at. This condenser serves as a cold trap, freezing out most of the hydrogen 

isotopes in the helium. It consists of a pair of heat exchangers, one of which is 

on-stream, the other off-stream,·being melted out. The frequency of alternating. the 

exchanger duties can be quite low because the· tritium flow rate at this point in the 

system is very small, equal at most to small fractions of a gram per hour. 

The helium leaving the cyclic condenser is discharged through a pressure 

control valve into a small storage tank from which it can be pumped into the coolant 
' 

helium to ensure that any small amounts of tritium carried by the ash will be subjected 
! 

to the tight tritium recovery system on the coolant.loop. Alternatively the helium ash . i 
could be subjected to final tritium control without going through the coolant helium loop 

. . 
inasmuch as the amount of tritium under normal condi_tions of operation, less than 0.001 

g/hr, is not worth recovering. However this alternative would require the inst al-lat ion 

of an oxid.izer to convert the hydrogen isotopes in the ash to water, hence somewhat 

greater pr0cess complexity and capital cost. 

The hydrogen isotopes melted out of the off-stream half of the cyclic 

condenser drop to a receiver for subsequent feed to the secondary fractionator. 
I 

\ 5. Secondary Fractionttor 

I The secondary fractionitor is a small distillation column less than 2 cm in 

diameter, approximately 2 m tall, I filled with a packing to provide a separating power 

equivalent to 100 theoretical plates. Ancillary equipment includes .the .receiver on the 

cyclic condenser, which serves as a feed tank, an equilibrator (a small vessel containing 

solid catalyst), i reboiler at the bottom of the column, and a total condenser at the 

top. 

The principal purpose of this fractionator is to produce an·overhead stream of 

protium essentially free of tritium. Because of the low mass flow rate of the protium 

i~flow to the primary loop, this unit, 

under conditions close to total reflux. 

like the primary fractionator, can be op~rated 

Furthermore, since there is no constraint on 

temperature because of argon, the column can run at atmospheric pressure, with 

.,,. .:, ,' 



379 

temperatures at the top around 20 K and around 23 K at the bottom, corresponding to pure 

protium and pure deuterium respectively. 

To make a conservative estimate of the tritium content in the overhead strea8 

from the column let us assume that the feed enters as HD and HT in a molar ratio of 2 to 

. 1 and ignore the contribution of the equilibrator. At 20 K the relative volatility of HD 

with respect to HT is 1.33, and for 50 theoretical plates between the feed and the top of 

the column and operation at total reflux, the resulting ratio of HD to HT in the overhead 

based on Fenske's equation will be (l.33fO x (1.5) 2.3 x 106 . Since the feed will 

contain as much as 0.2 mole fraction H and since the relative volatility of ~ with 

respect to H~ is over 2.0, the actual ratio of T ~o H in the overhead can be far below 

10 - 6• 

· Despite this low tritium content the overhead stream is oxidized to water in a 

small reactor, and the water is impounded on a strong desiccant like magnesium 

perchlorate and stored until the tritium content has decayed to levels low enough for 

dumping. 

Energy Requirements on the Primary Fuel Loop 

The energy requirements for the primary fuel loop exclusive of those for the 

fuel injectors and the vacuum and forepumps and for reactor and divertor cooling, all of 

which are dealt with elsewhere, are quite modest. We shall consider only the two 

principal requirements, which are those associated with driving the compressor and those 

imposing a duty on the magnet's.cryostat. 

1. Work of Compression 

To simplify the computation we assume that the work load on the compressor is 

equivalent to isothermally compressing 600 g/hr hydrogen from 0.04 atm to 10 atm at 

300 K. This work is given exactly for unit mass by 

w (14.6) 

where 

H enthalpy, calig 

T K 

S entropy, cal/g K. 

From temperature-entro~y charts in Perry 12 we find 

w 600 [955 955 - 300 (10.6 - 15.4)] 864,, 000 cal/hr 
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or 

cal watt hr 
864 • 000 hr 860.6 cal 1004 w , 

which for 50% efficiency is 2kW. 

') ... Cooling Duty 

Again to permit use of the temperature-entropy charts for hydrogen we assume 

that the gross flow is equivalent to 600 g/hr hydrogen and that the boilup rate in the 

primary fractionator. is three times the gross flow rate, i.e., the condensing duty on the 
/ 

reflux condenser is that required to condense four times the gross flow rate. Then at a 

total pressure of 10 atm: 

at precooler, cool 600 g from 300 K to 35 K 

600 (H · . -H ) = 600 ( 955-122) 
300 35 

at reflux accumulator 

·4 (600) (H -H ) = 2400 (122-10) = 
. 35 20 

at secondary fractionator condenser 

· assuming 1.00. g/hr boilup (operating 

at 1 atm) 100 (100-10) 

Total· 

Losses, etc. 

Total duty 

499,800 cal/hr; 

269,000 cal/hr; 

9,000 cal/hr; 

\ 

.7711,800 cal/hr 

777 200 

1,555,000 cal/hr 

or approximately 2 kW cooling load on the magnet's cryostat. If we assume the electric 

power requirement for cooling in this temperature range is 30W/W cooling duty, the net 

power need is 60kW. 

Equipment Costs 

Becaus,e of the small scale of much of the fuel processing equipment on the 

primary fuel loop, it is difficult to estimate reliably the likely capital costs. 

Assuming· all the equipment is made of alloy steels and designed for high pressure 

leak-t4ght operation, the individual costs of the major unit~ might run as follows: 
l'. ...... . 
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Compressor $5000 

Pre coolers 
I 

5000 

Primary Fractionator 10000 

Cyclic Condenser 5000 

Secondary Fractionator 4000 

Drag Steam Fractionator 4000 

Storage Tanks, etc. 10000 

Total Equipment Cost $43000 

Using a Lang factor of 5.~3 the· capital cost of the installed process 

equipment, fully insulated and instrument.ed, then would be 5 x 43, 000 = $215, 000. 

Since the whole operation would run automatically, the operating costs will be 

very small. The major element in these costs is the amortization charge for the capital 

investment. As was shown in the preceding section, the energy requirements are modest. 

Coolant Liquid Helium 

Problems and Perspectives 

1. Sources of Hydrogenic Species 

From the standpoint of fuel processing the principal el~ments in the coolant 

helium loop are the divertors, the blanket, and the steam generators. Deuterium and 

tritium enter the helium at· the divertors, tritium enters at the blanket, and protium 

enters at the steam gAnAratnrs. Although there are·considerable unce~tainties as to the 

magnitudes of these permeations, it is certain that the coolant helium must be processed 

continuously to ensure that its ·tritium pressure is maintained at low enough levels to 

avoid E;?xc.:e8t> permeation of tritium into the steam cycle. 

2. Principal Constraint 

To be conservative we have assumed that the total amount of hydrogen isotopes 

to be recovered from the coolant helium system is of the order of 12 g atoms/day, which 

is two orders of magnitude greater than estimated permeation rates. It is likely that 

the actual amount.to be reco'vered will be much less. However, the overriding requirement 

for the recovery system is not related to the actual amount to be recovered but rather to 

the effective tritium pressure that can be maintained in the coolant. helium. As pointed 

out in Chapter 15, for tritium pressures in the coolant helium below 1~15 atm the 

permeation: of tritium through the tube walls of the steam generators and into the steam 

cycle will be at physiologically safe levels. The only practicable way by which thes·e 
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very low pressures can be achieved is to tie up the tritium and other hydrogen isotopes 

as molecular compounds that are thermodynamically stable under the conditions in the 

coolant loop. Possible compounds are oxides (water) and metal hydrides. For systems 

with meta~ walls stable toward oxidizing atmospheres, as is the case in this reference 

design, the advantages would appear to lie with water. By maintaining an oxygen pressure 

-3 of 5 x 10 atm in the coolant helium and reTovin~ water continuously to hold the water 

-5 
pressure at or below 10 atm, the tritium pressure can be held well below the required 

level. The tritium recovery problem thus i~ essentially one of drying helium gas and 

regenerating tritium gas from the collected water. 

3. Contaminants 

It is not clear at this point what impurities· will build up in the coolant 

helium. Certainly there will be some contamination from the lubricants used in the 

primary helium pumps. This contamination will preclude lubricating these p,umps with 

conventional· mineral· oil lubricants. Something like chlorofluorocarbons or other 

hydrogen-free synthetic lubricants14 will be required to prevent isotopic exchange with 

the lubrication system. 

4. Choice of Drying Process 

There are three industrial methods for drying gases in common use, and all 

could be used for maintaining low water pressures in the coolant helium. They are: 

condensation by refrigerating the gas, physical adsorption on high-surface-area solids, 

and chemical absorption.by appropriate desiccants. Condensation is simply cold trapping. 

By cooling the helium to very low temperatures the watet content can be reduced to 

virtually any lever desired. The only disadvantage is that the operation can be costly 

if _large masses of helium must be cooled.· A major advantage is that the water is readily 

recoYered as liquid by periodic ~arming of the trap. 

Physical adsorption on activated alumina or molecular sieves can effect ~he 

same drying at rnuc~ highei temperatures than ~imple condensation~5 • 16 In this method 

the water is regenerated from the adsorbent as vapor and subsequently condensed;· hence 

there is an additional proc~ss step over simple cold trapping.· Another disadvantige is 
., 

that there will be an appreciable tritium inventory in the residual moisture in the 

adsorber beds. 

If large masses of hel~um must be processed to remove the water, the chemical 

absorpt'·ion using a powerful desiccant like magnesium perchlorate would appear to be an 

attr~ctive alternative. Again the're is the disadvantage that the water is regenerated as 

vapo~ ~nd only with ~onsiderable difficulty at fairly high temperatures. Furthermore the 
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desiccant undergoes changes in crystalline structure in successive 

absorption-deabsorption cycles with the result that the turnover of desiccant in a given 

absorber would be fairly high necessitating a considerable handling of solids. Because 

of this last difficulty, we shall limit our consideration to physical adsorption. 

Principal Elements and Flows 

The principal elements in the coolant helium loop and related processing 

system are shown in Fig. 14.8, and the principal flows and stream compositions are 

summarized in Table 14.3. 

The heliUI'.1 stream to be processed is taken from the helium effluent leaving 

the boiler feedwater heaters, . where the helium is at its lowest temperature in the 

coolant loop, 66°C. The size of the helium stream depends on.the amount of water to be 

removed and the maximum allowable concentration of water in the helium. For a removal 

rate eq·uivalent to 12 g atoms per day of hydrogenic species and a maximum water pressure 

of 10-5 atm, approximately 5000 kg helium per hour must flow-through the processing 

systein. While this flow rate is small relative to the total coolant flow, comprising 

less than 0.05%, for a ~old trapping system it ·would impose a large refrigeration load 

because the proc~ssing stream would have to be cooled below ~8o0c to condense out the 

water. 

As shown in the figure the sequence of steps in the processing system is first 

a modest compression to maintain the drag stream gas flow through the system followed by 

adsorption of the water on commercial molecular sieve adsorption in the on-stream 

adsorber and then return of the dried helium to the coolant loop. For an adsorbent like 

Linde Type 5A (average pore diameter 5R) 'there is no need to reduce the temperature of 

the incoming helium, and because the mass of water adsorbed is small there is no heating 

effect from the adsorption. The water in the off-stream adsorber .is vaporized by heating 

the adsorber to 260°C and subjecting it to a vacuum of a micron or so (10-5 atm), then it 

is condensed to a solid in a liquid-nitrogen cooled trap. Periodically the water is 

melted out of the trap and collected in a small receiver from which it flows to a simple 

purification unit and thence to 1he small electrolysis cell, where it is split into 

oxygen and hydrogen. 

The oxygen emerges from the electrolysis cell at near atmospheric conditions 

of temperature and pressure and saturated with water vapor from the cell. It passes 

through • nitrogen cold trap to recover the water and thence to storage for subsequent 

reintroduction to the-coolant helium or other disposition. The stream of hydrogen 
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Table 14.3. Principal Fuel Flows 

Coolant Helium Loop 

Species Entering Coolant (g/dat) H D 

From Divertor 14 

From Blank~t 

From Steam 0.2 

HTO, DTO et·c. 02 -----Coolant Composition (atm) 

To Adsorbers 10-5 5 x --;:-o-3 

Exil Ad~orbers· 10-7 5 x 10-3 

Coolant Flows 

To Adsorbers: 5 x 10 3 kg/hr. 

Table 14.4. Flows and Concentrations 

Tritium Processing System on Breeder Salt Loop· 

{ 

Salt Flow through Disengagers: 4.00 x 106 kg/hr. 

Mole Fraction TF in Salt: 

Ent .. ering Disengagers: -7 2.1 x 10 ; Exit Disengagers: 

Disengager Exhaust Gas Composition (atm) 

.. TF 

He 

Salt 

Tritium Recovery 548 g/day 

Helium Discharge 1120 g/day 

1.4 x 10-7 

1.0 x 10-4 

1. 54 x 10-4 

1.3 x 10-4 

385 

T 

12 

2 

He 

51 

50 
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isotopes also passes through the same kind· of trap before being draw_n ·over to the primary 

fuel loop processing system. 

Major Process Units 

1. Pumps 

There are only two pumps in this system, namely the drag stream compressor and 

the vacuum pump. The latter has to produce a relatively modest vacuum on a volume of 

less than a cubic meter over perhaps a period of 24 hr, and hence even with a small purge 

stream a small, laboratory-scale, one~or-two-stage, mechanical vacuum pump should be 

adequate. 

The' compressor, however, is somewhat larger. Its pumping duty may be computed 

.by a material balance on the processing system. Thus, for removing n g m.ole water per 

hour from the coolant helium processing stream, the necessary flow rate of the stream is 

given by 

n (14.7) 

where N·He is the molar flow rate of the gas stream in g atoms helium per 

~our and. the y are the·mole fractions of water in the inlet and outlet streams 

respectively. Strictly speaking· this equation is correct only if N is the molar rate of 

the· helium alon~ and they are the molar ratios of water to helium, but the water 

concentration~ are so low that the equation is quite accurate as we use it. 

Although the ga~ pressure at 50 atm is high for ideal gas behavior, and the 

gas species are too disparate chemically for ideal solution behavior, there is no 

advantage at this juncture in taking into account ·non-ideal b~havior, and hence to a 

useful first approximation we may assume Dalton's law of partial pressures applies and 

y. = p. /P, where p. is the vapor pressure of water in the inlet stream and P i.s the total 
. l. l. l. 

gas pressure, 50 atm. 

Fig. 14.9 shows the vapor pressure of ice as a function of temperature. If 

-7 
the gas stream leaves the adsorber with a dew. point of 184 K, p

0 
= 10 atm, and Eq. 14 · 7 

becomes; for p ·. = 10-5 atm and 12 g atoms hydrogen to be removed per day 
l. • 

(10- 5 - 10-7 ) 
50 

12 g_atom hydrogen/day 
2 g atom hydrogen .~ 4 hr/day 

g mole water 
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or 

N· 
·He 

50 (0. 25 l --· 1.26 x· 10 6 t · h · g a om per r 
o.99 x lo:- 5 

or 1260 kg atom per hr or 1260 (4.00) = 5040 kg per hr. 

In order to estimate the pumping power required to move this quantity of 

helium through the processing system we must know the pressure drop across the system, 

which for all practical purposes is the pressure drop across the adsorbent bed. As shown 

in the description of the adsorbers below, the actual amount of adsorbent required for 

drying the helium is small relative to the size of vessel necessary to accommodate the 

helium flow, and consequently the pressure drop can be correspondingly small. We shall 

make the arbitrary assumption that the design of the adsorbers will be such that the 

average pressure drop across them when onstream will be of the order of one atmosphere. 

From the temperature-entropy diagram for helium in Barron
11 

we find that the 

enthalpy change for raising pressure from 40 at~ to 60 atm at an entropy of 23 joule/g K, 

corresponding to temperatures near ambient and above·, is constant at approximately 200 

joule/g. Thus the ideal work of adiabatic compression from · 50 atm to 51 atm is 

equivalent to 

200 joule 
"g 

(51 - 50) 
(60 - 40) 

5040 kg 
3600 sec 

l w sec 
joule 

l kW 
1000 w 

1000 g 
kg 14.0 kW. 

Although the absolute gas pressure is moderately high, the incremental 

pressure differential generated by the compressor is small suggesting that a relatively 

simple centrifugal compressor with correspondingly simple lubrication and sealing might 

be appropriate for this duty. 

2. Adsorbers 

Adsorption Equilibrium 

A convenient representation of the equilibrium characteristics of an adsorbent 

for drying gases is to plot the equilibrium dew point of the gas effluent from the 

adsorber bed versus the bed temperature for various ·equilibriu_m loadings of water on the 

adsorbent. Fdr"each particular .loadirig the resuiiing
0

plot is a straight line called an 
0 

isostere. Fig. 14.10 shows a few isosteres at low_loadings for Linde Type 4A molecular 

sieve adsorbent adapted from Lee.16 7his plot in conjunction with Fig. 14.9 permits an 

immediate identification of the water vapor pressures achievable for various loadings and 

bed temperaf'ures. It also shows what conditions of vacuum and temperature are necessary 

for regenerating the adsorbent bed to particular equilibrium loadings. Thus for a bed 

temperature of 66°C at a loading of the adsorbent of 0.5 g water per 100 g adsorbent the 
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gas leaving 

corresponds 

the adsorber will have a dew point of 

to · an equilibrium water · pI'essure 

-87°C or 186 K, which from Fig. -14.9 

of 1. 1 x 10-7 atm.· To reduce the 

equilibrium ioading from 0.5 to 0.2 g per 100 g adsorbent on the regeneration cycle will 
0 

require that the bed be heated to 260 C and e·i ther purged with a gas having a dew point 

of o d d t d" g to that dew p
1

01"nt, namely, -67 c or pumpe own o a pressure correspon 1n the 

equilibrium vapor pressure of ice at -67°C or 206 K, 2 x 10-6 atm. 

Adsorber.Size 

The adsorbers are typically vertical, cylindrical vessels with diameter 

dependent on the gas throughput and the height dependent on the req~ired depth of 

packing. \ 
For a gas rate of 1260 kg atom helium per hour the volumetric flow rate at 

66 °c and 50 a tm. is 

1260 kg atom 
hr 

22.4 
kg atom 

hr 
3600 sec 

1 
50 

(66 + 273.2) 
(273.2) 0.195 m3/sec. 

and at a reasonable superficial gas velocity (i.e. the gas velocity ignoring any packing 

within the adsorber) of 0.2 m/sec the necessary vessel cross-sectional area is 

approximately 1 m
2

, cortesponding to ~ diameter of about 1 m. 

In principle.the depth of adsorbent packing will depend on the kinetics of 

adsorption and desorption duty.. However, thd adsorption rates are so rapid and the duty 

so minimal that the total de.pth of the packing will de.pend· more on what is don'e to 

achieve uniform distribution of flows across the adsorber cross section than on the 

actual requirements for adsorption. 

The bulk density of typical molecular sievP.s is 41 lb/ft
3 

for 1/8 inch cphcres 
lb . g ft3 

or 41 ft 3. x 0.0160 - 3 • lb= 
. . 3 
0.66 g/cm . Thus in an adsorber with R cross-sectional 

cm 
area of 1 m

2 
the mass of adsorbent per cm depth of packing is 0.66 x 104 = 6600 g. If 

the adsorbers are operated on a daily cycle, picking up 120 g water at loadings operating 

betwe~n 0.5 and 0.2 g/100 g adsorbent, the. effective bed depth re~uired is 

120 x 100 
6".l cm (0.50 - 0.20) 6600 

In order to ensure ~hat there are no channeling effects in this shallow bed afr 

inert packing would be placed atop the adsorbent to an additional depth of say 10 cm. 

The overall height of the adsorber would be roughly the same as the diameter, 1 m. 
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Adsorber Operation 

There is obviously a considerable flexibility in the manner of operating the 

adsorbers depending on what temperatures are chosen for adsorption and for regeneration. 

The optimum cycles and conditions will depend on the actual economics. A constraint on 

the regeneration step is that temperatures in excess of the 260°C suggested in the 

illustration above lead to increasing possibilities for permeation losses. From the 

standpoint of the stability of the adsorbent, 320°C is a safe regeneration temperature. 

3. Purification System 

Because of uncertainties as to the nature and amount of impurities which. will 

condense out with the water in the cyclic condensers it is not practicable to attempt a 

tletailed description of the purification system which lies before the electrolysis cells. 

At the very least it might consist of a small laboratory still, and at the most a more 

elaborate chromatographic separator. In any case the equipment will be quite small, 

having to process a daily accumulation of only 10 or so g mole water. 

4. Electrolysis Cell 

Since this unit is also quite small, we shall not describe it in detail. 

According to Mante1117 a laboratory scale Levin cell occupying less than three cubic feet 

will electrolyze over 5.0 g mole water per hour. We may expect that this unit can be 

custom designed to operate leak-tight with a minimum inventory of water. 

5. Traps 

The only qther major equipment in the coolant helium processing system· are the 

three traps, the primary one before the vacuum pump on the offstream adsorber and the 

other two on the gas exit lines on the electrolysis cell. 

All three traps must remove water to vanishingly small concentrations. Since 

the condensing duty in each case is minimal, an economically reasonable coolant would be 

liquid nitrogen, which at its normal boiling point of 77.4 K permits reducing the vapor 

. -20 
pressure of water in lh~ 15as effluent to well below 10 utm, in principle at least. 

There should be no problem in obtaining this low water pressure in the traps 

on the electrolysis cell because the concentration of water in the gases entering the 

traps is high enough (0.023 atm at 20°c) to ensure nucleation of frost crystals on the 

cold surfaces of the traps. In the primary traps, however, the very low water vapor 

pressure at the outset may necessitate the introduction of a small amount ·Of seed water 

to initiate the frost deposition. 

We shall not elahorate the design of the traps. Bailey18 has analyzed the 

problem of rising pressure drop across the trap as the frost builds up in the flow 
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passages for the nitrogen-helium system. This analysis is applicable here, but it is 

likely to be irrelev·ant because the small duty on each trap will permit a substantial 

oversizing· of the equipment.· Presumably we could adapt to this service compact,. 

low-temperature, heat exchangers characterized by extended surfaces for heat transport. 

Plate-fin exchangers, for example, are available having surface areas as large as 450 
2 3 . 19 

ft per ft exchanger volume. 

Since each trap operates in parts of the system that are inherently 

intermittent, only one is needed at each point. 

Energy Requirements for Coolant Helium Processing System 

The principal energy requirements are those for. moving the gas through the 

adsorber and for cooling and heating the traps. 

The pumping duty was shown above to be 14 kW, which at an overall pumping 

efficiency of 70% would be 20 kW. 

If we make the arbitrary and conservative assumption that the effective 
0 

thermal capacity of each trap is 100 k cal/ C, and if. we assume further that each trap 
I • 0 O· 

operat.es on a daily cycle between 20 C and -190 C, the cooling duty is equivalent· to 

300 kcal 
day°C (20 - (-:-190)}

0 

c day 
24 hr 2630 kcal/hr . 

~f thi& cool~ng is provided by evaporating liQuid ~ltrogen·at its normal 

boiling .point, where the latent heat of vaporization is 85.3 Btu/lb;o the amount of 

nitrogen to be evaporated is 

2630 kcal 
l1r 

1.8 Btu g • 
cal lb 

lb 
8.53 Btu 

.According to Dodge 21 the reversible work of liquefaction for air is 2.56 kW 

hr /lb mole beginning at room temperatu·re' and the thermodynamic efficiency is o·f the 

order of 20 percent. 

approximately 

;: .. · 

The energy requirement for the trap cooling d~ty therefore is 

55.6 kg 
hr 

kg mole 
28 ·kg 

2.205 lb 
·, kg 

2.56 kW hr 
0.20 lb mole 56 kW. 

Thus the.total energy requirement for the processing system probably will not 

exceed 100 kW. 
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Equipment Cost 

· Th~ costs· of the major equipment items estimated either a~bitrarily or from 

the correlations in Chilton22 are tabulated below. 

Compressor (30 hp) 

Adsorbers (2) (40 in. diam, 3 ft tall) 
stainless steel 

Traps ($10/ft 2 surface) 

Electrolysis Cell 

Total 

$ 6,000 

4,000 

8,000 

10,000 

$28,000 

At a Lang factor of ·5.0 the total installed cost o~ this equipme~t and its 

accessories will be $140,000. 

Breeder Salt Loop 

·Choice of Breeder 

The choice of the tritium breeding medium is severely limited by the 

requirements for stability toward neutron irradiation and high temperatures, for high 

lithium density, and for relative inertness toward confining structures. Eutectic or 

near-eutectic mixtures of lithium and beryllium fluoride meet these requirements without 

having to resort to refractory metals or other unproved technology, and they offer the 

additional advantage of permitting ·ready recovery of the tritium generation. In this 

last regard they are likely to be far superior to liquid lithium but inferior to molten 

lithium nitrate and nitrite. These latter salts, however, are marginal in thermal a~d 

radiation stability and in lithium .density. 23 

Choice of Processing System 

We assume that the tritium born out of th~ capture of - neutrons by lithium 

(Li-6 and Li-7) will combine with the simultaneously liberated fluorine to form the 

stable tritium fluoride, which together with the helium ash generation will be dissolved 

in the breeder salt. To the extent that any free tritium is p~esent, either from 

inadequate opportunity to combine with fluorine or from the result of chemical 

interaction between TF and metal confining walls, there will be permeation of tritium 

through metal walls and ultimately into the coolant helium system. 
) . In principle such 

permeation is advantageous because of the sure and easy recovery of tritium from the 

helium as described above. In practice, however, an appreciable permeation could occur 
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only at the expense of chemical attack on the metal walls, and although the corrosive 

rates would be low relative to the very large metal surfaces, it would probably be 

insuperably difficult t~ devise a means of avoiding localized attack and subsequent 

perforation. 

A potential difficulty for the processing ~ystem is that appreciable amounts 

of oxygen are produced by n,a reactions on fluorine. Price 24 has estimated that about 

480 g/day oxygen will be formed, principally 0-16, and something of the order of 5 g 

protium.. We shall assume that the enormous mass of LiF and BeF 2 will effectively tie up 

the oxygen as oxides of lithium and beryllium and preclude any formation of T2o. '.lhe 

protium will form HF and be processed with the TF. 

The processing system involves three steps: first the separation of the TF 

from the salt at very low concentrations, second the concentration of the tritium in form 

for regeneration, and finally the regeneration of pure tritium. 

Fortunately, as shown below, TF is relatively insoluble in the breeder salt, 

and hence it can be separated from the salt readily by outgassing a chamber through which 

the salt is circulated in a form offering a large surface area between the melt and the 

gas phase. The concentration of the tritium thus vaporized can be accpmplished either by 

condensation in a cold trap or by chemical absorption, for example by potassium fluoride, 
25 

which at room temperature will take up all the '.LF as KTF2 . Physical adsorption does 

not seem to be a practicable alternative because of the hig.h chemical reactivity of the 

TF with all the usual adsorbents. 

Chemical absorption on KF is disadvantageous because the only simpJe 

regeneration procedure is to electrolize a solution of TF and KF, and consequently the TF 

would have to be r.eevaporated . from the acid fluorfde and subsequently condensed and 

transferred to the electrolysis cell or else the whole bed of KF and KTF2 would have to 

be so t~ansferred. 

An alternative possibility for the concentration and regeneration steps would 

be to.take advantage of the reactivity of TF toward metal oxides. The hot gases after 

detachment from the breeder salt would pass over a soiid bed of oxides forming the metal 

fluoride and water. The water would be trapped out and subsequently electrolyzed to 

oxygen and tritium as in the coolant helium processing system. Two disadvantages of this 

procedure are that the oxide bed would have to be renewed from time to time, and an extra 

pieqe of apparatus would be necessary. The principal advantage is that water is a mor~ 

manageable chemical than TF. 

For reasons of simplicity we shall choose the processing sequence in which the 

TF is concentrated by Condensation in cyclic .cold traps. '.lhis system is described 



395 

briefly in the next section followed by a more detailed description of the major items of 

equipment. 

Summary of Processing Scheme 

The principal features of the tritium processing system on the salt loop are 

shown in Fig. 14.11, and the flows and concentrations are summarized in Table 14.4. 

Breeder salt is recirculated continuously through eight disengagers arranged 

in parallel around the periphery of the reactor. The salt enters the disengagers through 

spray nozzles, which produce a shower of tiny droplets presenting an extended surface 

area to ensure that the dissol~ed He and TF will diffuse from the liquid salt into the 

vapor phase. The dropl~ts collect in the bottom of the disengager and flow back through 

the reactor blanket. A small drag stream, most probably intermittent, is drawn from the 

salt flow leaving the disengager and passed through a doctor system where impurities are 

removed and any necessary 

composition of the salt. 

makeup materials are added to maintain desired purity and 

The vapor effluent from each disengager is drawn first through a water-cooled 

salt trap and then through cyclic condensers cooled with liquid nitrogen. The 

non-condensable· gases are discharged to the helium storage system ·for final control. 

The solid TF which had accumulated in the offstream cyclic cond.enser is melted 

out and collected in a small receiver, from which it flows intermittently through a 

purification system and then into an electrolysis cell, where a solution of KF i~ TF is 

electrolized to F2 and T2 . These gases emerge from their electrodes saturated with TF, 

and hence they are passed through traps to remove the TF. These traps consist of small 

vessels cooled with liquid nitrogen, at which temperatures essentially all TF will be 

condensed out. The pure tritium gas is drawn into the primary fuel loop, and the pure 

fluorine is disposed of in an economical manner. 

Principal Components 

1. Disengagers 

The eight rlisP.ngagers are little more than large, vertical, cylindrical 

vessels each equipped with spray nozzles near the tbp for the salt entry, baffles at the 

top to prevent salt entrainment into the vapor discharge vent at .the very top, and the 

salt discharge line at the bottom. In the absence of experimental data on the droplet 

forming characteristics of the salt we can gauge roughly the likely size of each 

disengager from the required salt flow rates and corresponding vapor flow rates. 
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For a fixed TF recovery rate the ·salt flow rate is inversely proportional to 

the concentration of TF at which the TF is recovered from the salt. A material balance 

on TF at the disengager for very ~ilute solutions of TF in the salt is·given by 

(14.8) 

where N salt kg mole salt/hr flowing through disengager 

x. 
1 

mole fraction TF in entering salt 

x 
0 

mole fraction TF in exit salt 

NTF kg mole TF vaporized from salt, which at 

steady state is the net production of TF in the blanket. 

From the standpoint of ease of recovery of the TF it would be desirable to 

operate at high x, but from the standpoint of tritium inventory the reverse would be 

true. An overriding constraint however is the tendency for TF to react with metal walls 

releasing molecular tritium according to equations like 

2TF + nM = T 
2 

+ M/ 2 

where M represents the metal. 

( 14. 9) 

The T
2 

tends to dissolve in the metal wall, and if this tendency is excessive 

because of high TF concentrations·, the wall will become embrittled. Maroni 26 has 

estimat·ed that the maximum tolerable T 
2 

pressure in the salt to avoid wall ernbrittlement 

-2 5 is 10 torr, i.e. 1.32 x 10- atm. The corresponding maximum TF pressure can be 

estimated from free energy data for the above reaction (Eq. 14.9) using a reasonably 

representative metal and making some assumption as to the concentration of metal fluoride 

dissolved in the salt. Grimes and Cantor 27 have made this kind of analysis for nickel 

with the assumption that the nickel is dissolved as fluoride in the salt to the extent of 

6 ppm nickel. Their free energy data yield the following equation for equilibrium 

compositions at 1000 K: 

where xNiF
2 

is mole fraction. NiF 2 

1/2 x . 
NiF2 

1/2 
a Ni 

1/2 
p H 

2 

-6 in salt, 3.2 x 10 

aNi activity of nickel metal in the wall=l.O 

p respective vgpor pressures, atm. 

(14.10) 
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If we make the reasonable assumption that this equation applies to·TF, the 

allowable TF pressure corresponding to a T
2 

pressure of 1.32 x 10~5 atm and the same 

concentration of nickel fluoride in the salt is 1.62 x 10-3 atm. Thus the TF pressure of 

the salt entering the disengager is 1.62 x 10-3 atm, and if conditions are maintained in 

the disengager such that the salt leaving it has a TF pressure of, say, 10-4 atm, these 

data together with phase equilibrium information and Eq. 14.8 permit our calculating the 

required salt rate. 

Field and Shaffer28 have measured the solubility of HF and DF in 2 

LiF • BeF2 , and their data together with estimated values for TF are presented in Table 

14.5 as Henry's Law constants ~ in the equation 

Temperature 

oC 

flOO 

600 

700 

pISr x 

where p equilibrium vapor pressure of TF, atm 

·Thus 

xi 

XO 

The 

x = mole fraction TF in the salt. 

Table 14.5 

Solubilities of Hydrogen Fluorides in 

IC x 104 IC x 10:4 

HF DF 

2 LiF · · BeF . 
·2 

K x 104 

TF 

(extrapolated) 

3.37 + 0.13. 2.96 + 0.07 2.55 

2.16 + .0.05 1. 83 + 0.03 1. 50 

1. 51 + 0.06 1. 25 + 0.03 0.99 

at 660°C KTF 1.29 x lo-4 , hence 

1.29 x l0-4x 1.62 x 10-3 = 2.09 x 10-7 mole fraction and 

1.29 x 10-4 
x 10-4 = 1.29 x 10-8 mole fraction. 

tritiur.i generation rate in the blanket is 548 g/day or 548/(3.017) 

(14 .11) 

(24) = 

7.57 g atom T/hr, arid if we assume all of this is removed as TF, NTF in Eq. 14~~ is 

7.57 x 10-3 kg mole TF/hr. Hence the minimum salt rate through the disengagers must be 

Nsalt= (2.09 x l~ 7 
- 1.29 x l0-8 )-1x(7.57)x 10-3 

4 
3.86 x 10 kg mole salt/hr. 
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or for an average molecular weight of 36.9 for 48:52 mole ratio LiF: BeF2 the minimum mass 

rate is (36.9) 3.86 x 10
4 = 1.42 x 106 kg/hr. To provide a reasonable design margin we 

shall set the salt rate at 4 x l06kg/hr. 

3 29 At a density of 2.27 g/cm the corresponding volumetric rate then is 

4. 0 x 106 ~ 
hr 

hr 
3600 sec 

3 
cm 

2.27 g 
~ 

kg ·( 2m r= 0.489 m3/sec. 
10 cm} 

The volumetric throughput in each of the eight ·disengagers then would be 

3 0.0612 m /sec, which flow rate would be readily accommodated in a cylinder 1 m in 

diameter. 

The vapors leaving the disengagers comprise the TF, very small amounts of HF, 

the helium ash from the blanket breeding reactions along with any helium produced from n, 

a reactions in the blanket, and vaporized salt. The helium ash production is 7.57 g atom 

He per hr and the n, a reactions bring the total up to something fike 11.6 g atom He/hr. 
30 

Cantor, Hsu and Ward have measured the vapor pressures of various 

compositions of lithium fluoride-beryllium fluoride mixtures over wide ranges of 

temperatures. For melts with a molar ratio of 48:52, Davison's interpolation of the 

data31 converted to pressure units in atmospheres results in the equation 

- 9,963/T (14 .12) log patm = 6.434 

where T is absolute temperature K. At 660°C (933 K) the vapor pressure of the salt is 

1.3 x 10-4 atm. If 7.57 g mole TF are pumped off the disengagers at a TF pressure of 

10-4 atm, the accompanyi~g salt vapor flow rate must be (7.57) (1.3 x 10-4 ) / (10-4 ) or 

9.84 g mole salt per hour. Thus the total gas rate is of the order of 7.57 + 11.6 + 9.84 

or 29.0 mole/hr. 

In the vapor phase the tritium fluoride is an equilibrium mixture of TF and 

T 
6 

F 
6 

according to the reaction 

(14.13) 

32 
Simon gives the temperature dependence for this equilibrium for DF as 

log K = (8970/T) -43.65 (14,14) 

from which it can be seen that at the temperatures in the disengagers the 

equilibrium lies far to the right and all the TF is in the form of TF. 
-4 

If the pressure of the TF in the vapor phase is 10 atrn, the pressure exerted 

by the helium must be 10-
4 

(11.6/7.57} or 1.53 x 10-
4 

atm, and the total pressure, 

assuming these and the salt are the only species present, must be the sum 

At 660°C (933 K) the volumetric gas rate is 
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400 

0.0224 m3 • 29 _6 g mole 
g.mole hr 

hr 
3600 sec 

1 933 

10
-4 • '273 

3.83 x 

l.6f~m 3/sec, or for each of the disengagers 0.201 m3/sec. This rate can be 

accommodated without entrainment in a vessel 1 m in diameter, hence it is likely that 1 rn 

in diameter by perhaps 3 m in height will be reasonable dimensions for the disengagers. 

Because of the high temperatures in the disengagers there can be permeation 

losses of tritium through the disengager walls. These losses will be mitigated to the 
I 

extent that interactions between TF and the walls can be minimized. The losses will be 

controlled absolutely by secondary containment, but, since the only hot regions in the ,.. 
salt ~rocessing system (hence the only regions where permeation may be a problem) are the 

disengagers and the lines connecting the disengagers to the blanket, it may be economic 

to provide a local secondary containment in these regions. A relatively thin, cool metal 

sheath outsid·e the insulation should suffice. 
·' 

2. Cooler and Salt Trap 

The size of the cooler atop the disengager is dictated"as much by the need to 

pass the attenuated gas volum~ at very low pressure drop a~ it is to accomplish the heat 

transfer. The functions of the cooler are to prevent any further passage of salt vapor 

and of salt droplets which might escape the baffles in the disengager and to drop the 

temperature of the gas quickly so that the cooling load on the liquid nitrogen traps is 

mini~ized, and any opportunities for tritium permeation of metal walls after the 

disen~agers are eliminated. 

We shall not attempt a design of this apparatus. On the basi~ 6f the cooling 

requirements alone it .will be quite small since a 

conservative assumptions indicates that a surface of 

rough estimate 

less than 0.1 

using the most 
2 

m would easily 

accommodate the heat transfer duty for all disengager exhausts. It is possible that some 

provision for trapping salt mist might be necessary, but that problem will require 

experimental study as part of the ultimate program in optimizing the design of the 

disengagers. 

3. Cyclic Condensers 

The cool gas leaving the silt trap contains only helium and tritium fluoride 

with small amounts of hydrogen fluoride. It is drawn through an onstream cyclic 

condenser and cooled to liquid nitrogen temperatures 77.4 K, 
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Simon 33 presents equations for the vapor pressures of HF and DF as functions 

of temperature. Conversion of these equations into pressure.s in atmospheres and linear 

extrapolation of their constants lead to the following equation for TF: 

4.1505 - 1205.53 
T (14.15) 

where pTF is the equilibrium vapor pressure of TF in atmospheres and T is K. According 

to this equation the vapor pressure of TF at 77.4 K is 3.76 x lo-12 atm, which assures an 

adequate control of tritium losses in the helium ash exhaust. 

Since the actual mass of tritium fluoride being condensed is small and the 

amount of gas being cooled is small, the principal component of the heat exchange duty in 

the cyclic condensers is the periodic cooling and heating of.the mass of metal comprising 

the condensers. It is premature at this stage to attempt to determine the optimum 

deployment of condensers, i.e., whether one pair of condensers should serve all eight. 

disengagers, or one pair for each disengager, or some intermediate combination. Few 

condensers means larger ·vacuum piping, larger valves and larger.vacuym pumps. We shall 

assume that the advantages of having small, multiple units will rnake it desirable to 

provide each disengager with its own pair of cyclic condensers. 

or 0.204 

The gas flow rate leaving the salt traps at 10-4 atm and l00°C is 

\ . 

3 m /sec 

19. 2 g mole 
ht 

for each 

0.0224 m3 

g.mole 
hr 

3600 sec 
1 

10-4 
373 
273 l. 63 

m3 
sec 

unit. At flow velocities not in excess of 1 m/sec to avoid 

excessive pressure losses, the corresponding duct diameter must not be less than 0.5 m. 

We ma~ estiraate that each cyclic condenser at this ~cale of piping size may be 

constructed reasonably with a total thermal capacity of 60 k cal/0 c (equivalent to 500 kg 

steel). With eight condensers onstream on staggered 24-hr periods there would be one 

condenGer melting out every three hours. 

If we assume that the energy loss during a cooling cycle equals the cooling 

duty and that the cooling duty on the liquid nitrogen·system is equivalent to dropping 

the condenser temperature from the melting point of TF (20°C) to 78 K, the total duty per 

condenser is 

2 0 • 60 k cal . ---oc-
0 

(20 + 273 - 78) c 
24 hr 

1075 k cal/hr 
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In the section on the coolant helium processing system it was shown that the 

power requirement for a liquid nitrogen cooling system was 56 kW for 2630 k cal/hr. 

Hence for the TF cyclic condenser the power requirement is 

1075 56 • 2630 22.9 kW, and for all eight units it is 183 kW. 

The corresponding ohmic heating requirement for the melting out period is for the same 

allowance of losses 

1075 k cal 
hr- 8 traps 10 3 cal 

k cal 

for all eight units. 

4. Receiver 

hr 
3600 sec 

4.186 joule 
Cal 

-3 10 kW sec 
joule 10. 0 kW 

Liquid tritium fluoride from the melting-out periods flows by gravity into a 

small receiver. Again the question of whether there should be one receiver for each 

disengager or fewer receivers will depend on a systematic economic appraisal. From the 

standpoint of maintaining small tritium inventories wherever possible it would be 

advantageous to have each disengager unit self-sufficient down to the final point of 

returning pure tritium to the primary fuel syster.i. A ·liter vessel of appropriate metal 

alloy at each disengager will easily accommodat.e the TF accumulation of 

7 . 57 g mole TF 
hr 

24 hr 
8 traps 

22.02 g TF 
g mole TF 

The density of liquid HF is given by Simon 34as 

500 .1 g 

d 1.0020 - 0.0022625t + 0.000003125t 2 

for density in g/cm 3 at t 0 c. 

(14.16) 

At 20°c, d = 1.002 - 0.452 + 0.00125 = 0.958 g/cm3 , and hence the accumulated 

liquid per cycle is 500.1 g/0.958 g/cm3 or 522 cm3 . 
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5. Electrolysis Cells 

Tritium fluoride cannot be electrolyzed directly to produce pure tritium, but 

in solution with potassium fluoride the electrolysis goes readily at moderate 

temperatures to yield tritium at one electrode and fluorine at the other. Both gases 

emerge saturated with TF, hence small nitrogen cooled traps on each li~e will be 

necessary to recover the vaporized TF. 

The cells will have to be custom designed to ensure high productivity at low 

melt inventories. It is likely that they will be operated c~ntinuously or nearly so, 

which means that they will be relatively small units. Even so, we may expect that the 
I 

capital costs for each of the eight cells together with their t~aps ~ight run to $20,000. 

The effluent fluorine, free of TF, would be collected in a storage vessel for 

final control and disposition. If there is any appreciable amount of free molecular 

tritium in.the gases drawn from the disengagers, it will be necessary to add some of the 

effluent fluorine to those gases and pass them across an appropriate catalyst to burn the 

free tritium to TF to ensure recovering all the tritium in the cyclic condensers. 

The effluent tritium product from the electrolysis cells is drawn into the 

primary fuel processing system. It may be desirable to interpose between.the trap in the 

effluent line and the primary fuel system a smafl tower containing KF as a nearly 

absolute barrier to contamination of the primary fuel system with TF. 

Over time the melts in the electrolysis cells will have to be processed in 

some ,fashion to prevent excessive buildup of impurities. 

6. Vacuum Pwnps 

The volumetric gas flow rate at the entry to each of the eight vacuum pumps 

0 -4 
for 11.6 g mole.He/hr at O C and 10 atm is 

ll. 6 .· g mole 
hr 

22. 4Q, 
g mole 

hr 
60 min 

1 
8 pumps 

1 

10-4 
273 
273 5420 .Q./min. 

Commercial scale rotary vane vacuum pumps costing roughly $5000 eac.h can handle . this 

flow. 

7., Snl:t pumps 

The pumping power to circulate the breeder salt through"the disengagers is 

given by 

w (14.17) 

where the bracketed expression is the pressure drop across the pump, m is the mass flow 

rate of the salt, and p is the density of the salt. But m/p is mer~ly the volumetric 
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flow rate, which has been 
3 . 

shown to be 0.489 m /sec, whence· for a pressure drop of 2 atm 

(based on the restriction that· the salt Pressure never exceed 2 atm and the fact that the 

disengagers are· at essentia1ly 0 atm pressure) 

w 
6 

2.0 atm 1.0132 x 10 dyne 
cm2 atm 

0.489 m3 

sec 
(10

2 cm) 3 

m' 
W sec 

99,100 W or 99.1 kW . 
10 7 dyne cm 

Given the relatively modest duty for each pump on a disengager unit it might 

be advantageous to make use of sump pumps, which would simplify somewhat the sealing and 

lubrication problems. 

At 70% overall pump efficiency the. pump horsepower requirement for each 

disengager unit is 

99. 1 kw 
8 pumps 

1.341 hp. 1 
kw 0. 70 23.7 hp 

According to Chilton 35 an alloy steel pump of this capacity will cost $3,000. at ·mm Index 

of 400. For a scaling factor to 1973 dollars of 2.4 the cost is $7,200. 

8. Salt Doctor 

It is not at all clear how large and elaborate the salt doctor will· have· to 

be. At the very least it will include a small filter for preventing buildup of solids in 

the breeder, salt. It may also have to include small chemical reactors and possibly 

electrolytic cells to effect .desirable adjustments of melt compositions~ For lack.of. 

better information we shall a,ssume that the capital cost of this system may be of the 

order of $100,000. 

Summary of Energy Requirements 

The principal energy consumption fo~ the salt processing system occurs in the 

production of liquid nitrogen for cooling the cyclic condensers and cold traps. For the 

forme~ the power requirement has been shown to be 183 kW, and including the latter the 

total for the nitrogen system might be 200 kW. 

The salt pumping power requirement at 70% efficiency is 99.1/0.70 = 142 kW~ 

If we assume all other power requirements for the salt system will round· this value up to 

200 kW, the total energy ·consumption is of the order of 400 kW. 
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Total Cost of Salt Processing System 

The likely costs of the major equipment requirements for the salt processj_ng 

system, either arrived at as described above or estimated arbitrarily, are as follows: 

for each disengager unit: 

disengager 

salt pump 

cooler 

cyclic condensers (two) 

vacuum pump 

electrolysis cell, receiver 

and traps (two) 

Total per unit 

$10,000. 

7,000. 

2,000. 

6,000. 

5,000. 

20,000. 

$50,000. 

Thus the total major equipment cost will be: 

eight units 400,000. 

100,000. 

60,000. 

salt doctor 

liquid nitrogen system 

Total equipment cost $560,000. 

At a Lang factor of 5.0 the total capital cost for the fuel processing system 

uu the breeder salt loop including the liquid N
2 

system j_i:; ·. 

5.0 (560,000) $2,800,000. 

Total Energy Requirements for Fuel Handling 

The total energy requirements for the ·fuel handling system exclusive of the 

fuel injection step and the vacuum ~imps on the divert~rs are: 

Primary Fuel Loop 

Coolant Helium Loop 

Breeder Salt Loop 

TotlLl 

200 kW 

100 

400 

700 kW. 
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Yotal Capital Cost for Fuel Handling 

The total capital cost for all elements of the fuel handling system exclusive 

of the fuel injectors and the vacuum pumps is: 

Primary Fuel Loop 

Coolant Helium Loop 

$ 215,000. 

140,000. 

Breeder Salt Loop 2,800,000. 

Total $3,155,000. 

This figure includes all instrumentation, piping, ancillary equipment, engineering fees, 

contractor fees etc. 

Areas of Principal Uncertainty 

Uncertainties in Primary Fuel Loop 

The principal uncertainties in the primary fuel loop have to do with the 

injection of the fuel into the reactor and the control of the reactions within the 

reactor. These problems relate immediately to the basic problems of plasma physics and 

are treated elsewhere. 

If we exclude from our consideration these problems and also the plasma 

physics problems associated with the initial cooling of thA reactor exhaust in the 

divertors, the principal uncertainty in the primary fuel loop is the extent to which 

deuterium and tritium will be lost from the loop by dissolution in the walls of the 

divertors and subsequent permeation throur,h the walls into the coolant helium system. 

Higher losses here will increase the load on the tritium recovery system on the coolant 

helium loop with attendant increases in capital and operating costs. 

Other uncertainties are likely to have minor consequences. For example, to 

what extent will high-Z elements enter the fuel loop and will tritium exchange with 

forepump and compressor lubricants, and what complications will the accommodation of 

these problems entail? 

Uncertainties in Coolant Helium Loop 

Aside from the uncertainty as to the amounts of hydrogenic isotopes that will 

enter the helium system, the principal question here is how surely the hydrogen can be 

bound up as water. What are the mechanisms of hydrogen oxidation at the metal - gas 
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interface or metal oxide - metal interface, and what are the rates associated with these 

mechanisms? Must catalysts be employed to ensure equilibrium binding of the hydrogen as 

water? 

What impurities will tend to build up in the coolant · helium, ·and how can they 

be controlled without subverting the tritium recovery? Are there possibilities for 

tritium exchange and hence losses or inventory buildups in amounts that could be 

objectionable? 

Uncertainties in Breeder Salt System 

Because of the chemical complexity of the breeder salt there are many 

uncertainties. What species will build up in the salt' loop; what are their volatilities 

and hence the implications for processing the gases withdrawn from the salt? How do 

these species interact with metal walls, and what are the requirements for preserving the 

integrity of the walls? In particular, how does TF at very low concentrations attack 

metal walls, and does the attack favor dissolution of tritium in the walls and subsequent 

permeation? Dow can smnil amounts of dissolved gases be disengaged from large amounts of 

salt melt? How much doctoring of the breeder salt will be required to maintain desirable 

properties, and what kinds of processing will comprise the doctoring? 

Can the electrolysis of TF be effected reliably in small-dimensioned cells 

with foolproof, automatic operation? 

Implications for Future Research Programs 

On the basis of the foregoing listing of uncertainties we may conclude that 

the major confusions are related to the likely transports and distributions of tritium 

throughout all elements of the fuel handling system. Hence a considerable research 

effort should be focussed .on improving our understanding Of what Occurs at metal surfaces 

where tritium is present nt very low concentrations anct in form~ likely to lead to 

solution in the metal or conversely where tritium permeates from the metal lattice into 

the surface of the metal. We also need quantitative information on the transport 

pronesses involving tritiu~ and tritium bearing species at very low concentrations in 

molten salts and in attenuated gases in condensation processes, for example. 

Many of our u~certainties can be.dispelled only in large scale development 

programs involving loops subjected to conditions approaching those of the prototype 

reactor. Nevertheless, well-designed bench-scale studies can provide a sound data base 

for the development programs. 
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Chapter 15 

Tritium Distribution and Leakage 

* Victor A. Maroni 

Introduction 

In this chapter an attempt is made to evaluate the distribution ~nd leakage 

profiles for tritium in the reference design model. These profiles' are determined by the 

technical features set forth in previous chapters, and, as we shall show, have an 

important bearing on the operational characteristics of the,reference model. The results 

presented in this chapter make a substantial contribution to the evaluations of the 
. ···.~ ' .. 
.:~t/. 

system features (hazards, environmental impact, operational procedures, maintenance, '.and 

cost analysis), which follow in Part III. 

A recent assessment of the radiological impact of tritium releases from 'fusion 

power plants by Steiner and Fraas1 indicated that a daily release of~ 3 Curies/lOOOl~V(t) 

through steam system effluents might be acceptable based on existing AEC guidelines for 

light-~ater fission reactors. (These guidelines require that the dose rate at the plant 

perimeter be < 5 mrems/yr, and that the average tritium levels in the liquid effluents 

discharged to natural waterways be < 5 x 10-3 Ci/liter.) Prototypical fusion power 

plants will probably require tritium inventories in excess of 107 Curies(> 1 kt), hence 

the release levels applied in the study by Steiner and Fraas correspond to daily tritium 

loss rates of less than 1 ppm of the total inventory. Based on anticipated standards for 

radioactivity releases from 11uclear plants it is likely that an annual loss rate of 

tritium in excess of the above value may begin to constitute an objectionable 

radiological hazard. In the absence of reasonable guidelines other th.an those used by 

Steiner and Fraas, the reference model has been designed so that tritium releases via the 

steam system are less than 3 Ci/day/lOOOMW(t). 

In addition to the environmental considerations, there are other potentially 

significant consequences of the tritium in fusion reactors, and they too must be 

assessed. These include holdup of tritium in the structure, accelerated corrosion and 

loss of mechanical integrity due to hydriding, and assorted maintenance problems. Some 

of these problems have been touched on i~ previous chapters, but in this chapter we shall 

attempt to deal with them in greater detail, using the calculational model that follows 

as a point of departure. 

The principal objectives with regard to control and handling of tritium will 

be to minimize the total inventory and loss rate of tritium in every sector of the plant. 

* Argonne National Laboratory 
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For the most part, the minimization of both the tritium inventory and the loss rate will 

be accomplished by (a) processing the blanket so as to achieve the lowest possible 

concentration of tritium, (b) employing a contiguous system of barriers (both metal and 

ceramic) that are impervious to the hydrogen isotopes in any form, and (c) operating a 

processible gaseous purge flow system around and throughout the plan·t on a continuous 

basis. In the final analysis we shall show that the principal loss mechanism for tritium 

in the reference design model is diffusion (of tritium) through the heat transfer 

circuits into the steam system. 

Important Properties That Affect Tritium Distribution and Leakage 

The important properties of the hydrogen isotopes that will determine their 

distribution and leakage characteristics in currently conceived fusion reactors are their 

solubilities in the materials with which they come in contact, their diffusion rates 

through the working fluids and structural components, and the stable chemical forms in 

which they exist. In this section, we review briefly the formalisms that permit us to 

express these properties in terms of parameters that we expect to control. 

In order to make a reasonable estimate ·of the tritium held up (dissolved) in 

the structure and fluids, we must have expressions for the solubility of tritium in the 

materials of construction. For the case of dilute solutions of gaseous hydrogen 

(H , D , T ) in metals, the relationship between solubility and pressure is given by 
2 2 2 

Sieverts' law, 2 • 7 

c IP~K (15.1) 
s 

where C is the concentration, P is the H partial pressure, and K is the Sieverts' 
2 s 

constant. It can further be shown 3 • 5 that K is exponentially dependent on temperature, s 

hence the general expression relating concentration to H
2 

pressure and temperature is 

given by 

c JP: [K0 ·exp(Q /kT)] s s 
(15.2) 

in which Ko is a material related constant, Q is the activation energy for solution of 
s s 

hydrogen in the metal, k is the Boltzmann factor (on a molar basis), and T is the 



413 

absolute temperature. Values of K0 and Q for materials of interest to the subject 
s s 

model are given in Table 15.1. 

The solubilities of the important tritium bearing species in the molten salt 

blanket fluid (HT, T
2

, TF, etc.) are directly related to their partial pressure in accord 

with Henry's law and can be expressed as follows 

c (_15. 3) 

wh~re C and P are the concentration and pressure of a given species in the blanket, and 

~is the Henry•s
8 

law constant for that species. Since KH is an exponential function of 

temperature, the general expression that relates concentration to temperature and 

pressure is given by Eq. (15.4), 

c (15.4) 

Maliuau:ska:::; eL al. 9 • lO have measured the solubility of H
2 

and D
2 

in molten 

Li 2BeF4 at pressures in the range of 1.0 to 2.1 atm and for temperatures between 500 and 

7oo0 c. Values of K~ and Qs for H2 and n2 determined from their data are given in 

Table 15.2, together with estimated values of these parameters for T solutions in 

The solubilities of HF and DF in lithium fluoroberylates have been determined 

by Field and Shaffer. 12 Values of ~ and Qs for. HF and DF and estimated values of these 

parameters for TF are also given in Table 15.2. An assumption inherent in the 

calculations that follow is that the Henry's law constants determined from the data in 

Table 15.2 are applicable at pressures that are 104 to 106 times smaller than the 

pressures used by the experimenters. 

The rates uI migratiuu of H, D, and T through structural ·interfaces are 

determined from available permeation data for the materials of construction, (Webb13 and 

14 
Stickney have reviewed the principles of the permeation process for hydrogen isotopes.) 

The expre:s:sion Chat relates permeation to the operating parameters is given by ~q. 

(15.5), 

(15.5) 
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Material 

PE-16 

Inc9loy 800 

Gopper 

Table 15.1. Parameters for the Sieverts' Law Constants, 

Ks' of· H2 , n2 , and T
2

in The Reference Design 

Construction Materials 

Ko 
·QS s 

· a 1/2 
(wppm LTorr , 2 (calLmole) 

H2 D2 T2 H2 D2 T2 

0.4 0.7 1.1 -1,680 -1,750 -1,830 

0.4 0.7 1.1 -1,680 -1,750 -1,830 

13.6 27 .. 2C 40.8c -13,911 -13,9llc-13,9llc 

Reference 

(b) 

(b) 

5 

a 
wppm weight parts per million H, D, or T 

bCalculated by using the .data of Ref. 4 for 347-SS and assuming the values of K0 

s 

and Q for PE-16 and Incoloy 800 would be essentially the same as for 347-SS. 

(Values of K for PE-16 s and Incoloy 800 are not expected\ to be significantly 

different from those for 347-SS based on previous stud~es 6 of the effect of. 

composition on solubi·li ty of hydrogen in Fe-Cr-Ni alloys.) 

c 
Approximated by ~ssuming the same parameters that are given for H2 in Ref. 5. 
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'. 

Species 

DF 

TF 

Table 15.2. 

1,0 
'H 

a (wppm /Torr) 

3.92 x 10-~ 

4.35 x 10-3 

(4.97 x 10-3 

9.14 x 10-5 

12.0 x 10-5 

(14.8 x 10-5 

Parameters for the Henry's ·Law Constants, I~H' of 

II2 , D2 , T2 , HF, DF, and TF in Li 2BeF
4 

KH - It~ exp(Qs/kT) 

(cal/mole) 

-7,692 

-6,578 

(-6,086) 

5,981 

6,432 

6,642) 

awppm - weight parts per million II, D, or T 

bObtained by least squares refinement of the data from Refs. 9 and 10. 

cEstimated using the method in Ref. 11. 

dObtained from Table IV of Ref. 12. 

Heference 

(b) 

(b) 

(c) 

(d) 

(d) 

(c) 
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where ~ is the flux of hydrogen through the interface; A and X are the area and 

thickness of the interface; PH and PL are the hydrogen pressures on each side of the 

interface B and are parameters related to the material under 

consideration; and k.and Tare the ·Boltzmann factci~ and absolute temperature. Values of 

B and Qp for the permeation of protium through materials used in the reference design 

model are listed in Table 15.3.. Little or no data are available for deuterium and 

tritium permeation through , these materials; hence, we have (of necessity) estimated the 

deuterium and tritium permeation rates by using the values of B and Q for protium and 
p 

multiplying the result obtained via _Eq. 

hydrogen isotope of interest. 

(15.5) by the square root of the mass of the 

The properties above, particularly the permeation rates for the hydroge_n 

isotopes, are strongly affected by the nature of the hydrogen bearing species at various 

interfaces. Several species, notably ~· D2 , T2 , HF, DF, and TF, have already been 

identified. a.s being important in a LiF-BeF2 blanket system. The extent to which other 

species such as HD, HT, and DT are formed is, of course, fixed by the concentrations of 

.. H2_~ ~2 •:. and T2 . In the case of the reference design model considered herein, a number of 

other 'hydrogen bearing species will also be important. For instance, the circulating 
\ 

helium purge flow ~ystem and the pressurized helium in the blanket cooling loop will 

contain some amount of molecular oxygen, o
2

. Because of the conditions·, that will· exist 

with regard to temperature and oxidizing potential in .these circuits, ~ost of the 

molecular hydrogen entering them should react with the oxygen present to form water. 
\ 

This is true thermodynamically as we show below, but the kinetics of the oxidation 

reaction must be made favorable by catalytic or electrostatic discharge type initiators 

in order to overcome a rather large activation barrier. (Johnson20 and Watson21 have 

considered ways of using the oxidation of tritium to advantage in creating barriers to 

tritium migration.) 

For the purposes of our calculational model, we shall assume that the 

following equilibria are the only ones of any consequence. 

k3 
H

2
0 + HT--+HTO + H2 



Material (g 

PE-16 

Incoloy 800 

Copper 

Table 15.3. Parameters for the Permeability, ~. of 

Protiuma through the Reference Design 

Construction Materials. 

~ "' B exp(-Qp/kT) 

B Qp 

· cmLcm
2 ·day Torr 1/~ ( calLmole) Reference 

0.65 x 10-2 16,100 (b) 

0.65 x 10-2 
16,100 (b) 

0.86 x 10-2 18,562 ( c) 

a Values 9f ~ for n2 -and T2 were obtained by multiplying the. values for H2 by 

12' and 13, respectively. 

b The values of ~ for hydrogen in PE-16 and Incoloy 800 are not expected to be 

significantly different from those for 304-SS (Ref. 13) based on previous studies 15 

of the effect of composition on permeability of hydrogen in Fe-Cr-Ni alloys. 

c Obtained by lea.st squares refinement of the data of Ref. 16. 
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The relationships between the partial pressures, P, of the species involved in these 

equilibria and the equilibrium .constants, k1 , ~' and k:3• are given by Eqs. (15.6) 

through (15.8). 

(15.6) 

(15.7) 

( 15. !p 

Ex1. st·1· ng 11· terature ·data· 17 - 19 on the temperature dependence of k_ k_ --i, --z, and k:3 were 

analyzed by a least squares method to give the best fit to Eq. (15.9). 

(15. 9) 

The values for the fitting parameters (the Ai's, Bi's, and Ci's) obtained in this 

analysis are given in Table 1.5.4. 

Calculations of the constants, k
1

, k
2

, and k
3

, over the operating temperature 

range of the reference ·design model,· 2. 6G0°c, have revealed sever.al interesting 
. . 20 

features. For example, by rearranging Eqs. (15.7) and (15.8) to give the ·relationships 

in Eqs. (15.10) and (15.11), 

pl/2 
PH 0 

2 

02 k2 ~ 2 

(15.10) 

pl/2 
k2 .'k3 

PHTO 
02 .pHT 

(15.11) 

it is possible to calculate the relative amounts of water and molecular hydrogen as a 

function of the oxygen partial pressure. At temperatures between 200 and 660°c the valµe 

of k
2 

is greater than 1012 Torr-1/ 2 , and k
3 

is a dimensionless numbe~ in the range from 1 

to 5. If an o
2 

partial pressure of 10- 2 Torr i~ the helium streams is acceptable from a 

materials point of view, then according to Eqs. (15.10) and (15.11), the predominant 

hydrogen bearing species in the helium will be water (H20, HTO, or T20) by a factor of 



\ 

Equilibrium 
Constant 

kl 

k2 

k3 

Table 15.4. Parameters for the Equilibrium Constants, 

k
1

, k 2 , and k 3 , in Eqs. (15.6) through (15.8) 

ln(ki) = Ai +Bi ln(T) + Ci/T 

Fitting Parameters 

A. I3. C. 
Units neieren<.;e 1 J. l. 

Unit less (a) ] . 2787 0.0265 -141.34 

Torr- 112 (b) -3.7H75 0 30,428 

Unit less 19 -2.4292 0.2920 774.82 

aObtained by least squares fitting of the data of fief. 17. 

bObtained by least squares fitting of the data of fief, 18. 
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more than providing of course that the kinetics of the water producing reactions 

can be made favorable. This is true regardless of what the. relative am<;mnts of H and 
2 

T
2 

entering the helium circuits turn out to be. (Hote that the H/T ratio in the helium 

only affects the relative amounts of R:20, HTO and HT formed.) 

The net result of these water-producing reactions is that the partial pressure 

of the molecular forms of hydrogen in the helium carrying zones may be reduced to a value 

. 20 21 many orders of magnitude lower than in adjacent systems. ' Therefore, the primary 

helium coolant loop can act as a buffer region that inhibits the migration of protium 

(from the steam generators) to the blanket and of tritium (from the blanket) to the steam 

system. The helium purie flow system will act in a similar way to prevent migration of 

tritium beyond the immediate containment shell of the equipment under purge. Since this 

purge- will undoubtedly operate at a lower temperature than the primary ·coolant helium, 

the formation of water will be even more favorable thermodynamically if we again assume 

that we can induce favorable kinetics. In order to take advantage of ; the 

hydrogen-trapping capability of low levels of oxygen in the helium circuits, a processing 

scheme has been devised to (a) remove and co.llect the HTO and R:20, (b) recover and 

separate the hydrogen isotopes, and (c) recycle the tritium t.o .the.fueling system. This 

scheme is described in Chapter 14. 

Philosophy and Description of the Calculational Model 

In our study of the hydrogen isotope distribution and migratio~ 

characteristics of the reference design model, .we consider those primary reactor systems 

that come in contact with the most significant quantities of tritium, i.e., the primary 

fuel loop, the blanket, and the heat transfer and energy conversion circuits. The· 

important subsystems of each of these main systems are listed in Table 15.5. The 

hydrogen isotope inventories and migration rates for these subsistems can be determined 

on an individual basis and then summed to give an estimate of the overall hydrogen 

isotope profile for the entire plant. For the purposes of analytical simplicity, each 

subsystem can be divided into N isothermal zones in such a way that the temperature 

drop, /J. T, across each zone is relatively small. (A /J.T of about 20°c was used in most of 

the calculations that follow.) The fractional area of a particular subsystem in each 

temperature zone is established by the temperature profile over the entire subsystem. In 
I 

the calculational model, the subsystems are considered to fall into one of two 

categories; isobaric or interfacial. The isobaric systems are those throughout which the 

chemical activities, and, hence, the partial pressures of the hydrogen bearing species 

( 

I 

/ 



Table 15.5. 

Important Reactor Systems and Subsystems to Be Mapped 

for Hydrogen Isotopes 

I. Primary Loop Processing System 

Subsystems 

II. Blanket System 

Subsystems 

Fuel Make-Up Equipment 
Injector 
Divertor 
Ducting to Vacuum Pumps 
Vacuum Pumps 
Compressor 
Cryogenic Distillation Unit 
Fuel Storage Container 

Blanket Fluid 
Vacuum Wall (First Wall) 
Blanket Outer Wall 
Structural Material in the Blanket 
Coolant Ducts in the Blanket 

III. Heat Transfer and Energy Conversion System 

Subsystems 

Outlet Ducting from Blanket 
to Heat Exchanger 
Inlet Ducting from Heat Exchanger 
to Blanket 
He/Steam Heat-Exchanger Wall 
Helium 
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are constant. Subsystems-that will be treated as isobaric include the blanket fluid, the 

helium circuits, and the structural material in the blanket. The interfacial subsystems 

are those through which there is a hydrogen concentration gradient (e.g., the helium 

carrying ducts in the blanket) and consequently a net flow of hydrogen through the 

interface. In all cases, we assume that the partial pressure drop across the interface 

is greater than one hundredfold- (i~e.,/PH/~ > 100). As a result~of this assumption, 

the concentration of each hydrogen isotope in the structural-mate~ial of an interfacial/ 

subsystem is approximately one-half that calculated by Eq. (15,1), since the average 

concentration is approximately given by O. 5 (/PH + rPL)_Ks 

In order to calculate the amount of dissolved hydrogen, S(I), in the Ith 

temperature zone we use Eq.- (15.12). 

S(I) (15.12) 

where F(I) the fraction of the total area in the Ith zone, 

A the total area, 

X(I) the thickness of the material in the Ith zone, 

d the density of the material,-

_ T( I) the temperature of the Ith zone in K, 

and K ~ and Q
6 

are as given in Table 15. 1. 

The rate of hydrogen permeation, PERH( I), Lhrough the I th temperature zone is 

determined using Eq. (15.13). 

PERM( I) (15.13) 

where the parameters on the right-hand side are the same as those defined for Eqs. (15.5) 

and (15.13) and in Table 15.3. 

The S(I)'s ·and PERM(I)'s are then summed over the N temperature zones to give 

the total concentration, C, and permeation rate, • , for the subsystem being investigated. 

N 
C 2: S(I) 

l=l 
(15.14) 

( 



N 
E PERM( I) 

I= I 
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(15.15) 

Equations 15.12 through 15.15 were programmed into a computer code (HDTMAP) so 

that the very large number of tedious calculations that needed to be made for the 

subsystems listed in Table 15.5 could be carried out rapidly. Another advantage of 

programming the calculations in this way is that it has been possible to test a large 

number of variations of dimensional and operational parameters for the reference model. 

The text of the computer program together with examples of output for isobaric and 

interfacial subsystems 22 has been reported elsewhere. 

Application of the Calculational Model to the Reference Design 

In applying the calculational model to the reference design, several 

restricting conditions had to be employed. For the blanket and heat transfer systems, we 

have assumed that only protium and tritium are present in significant amounts. The 

predominant hydrogeri bearing species in the blanket are as~umed to be HF, TF, &2 and 

T
2

. Tritium is, of course, bred in the blanket. The important sources of protium to the 

blanket are considered to be (n,p) reactions and back permeation from the helium coolant. 

Because of the isotopic swamping effects that should occur in the steam system, only 

H
2

, HTO, ·and H20 are considered to be important species there. As we showed above, the 

predominant hydrogen-bearing species in the primary helium coolant are H 0 and HTO with 
2 

trace amounts H2 , HT, and T 2 . The primary fuel loop is composed almost exclusively of 

n2 , DT, and T2 , with very little H
2

, HT, or HD, because the steady state protium level of 

the fuel stream is, of necessity, very low (on a relative basis) as indicated previously 

(Chapter 14). 

Several other restrictions were mentioned in previous sections of this 

chapter. One of these is the assumption that the hydrogen isotope partial pressure drop 

across any irrterfacial barrier is over two orders of magnitude (i.e., P /P > 100). The 
H L -

driving forces that maintain these pressure drops are as follows: As a result of the 

fueling and burning characteristics of the reference design (Chapters 5 and 6), the 

partial pressures of deuterium and tritium species on the plasma side of the vacuum wall 

will stay in the range 10-2 to 10-4 Torr, while the partial .pressures of protium bearing 

spec~es will be considerably lower. The blanket fluid (LiBeF ) will be processed so that 
3 

the purtin.l prP.ss11rP. nf the tritium hP.n.ri ng spec i.es, T fl.ncl 
2 

HT, 

Torr. 
23 According to Grimes and Cantor, this leads to the requirement that the processor 
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also maintain the HF and TF pressures in the blanket at levels< 1 Torr. As a result of 

Eq. (15.11), the partial pressures of HT and T2 in the helium coolant could be reduced· to 

levels < 16-12 7orr by maintaining the o
2 

partial pressure in the helium at 10-2 Torr and 

removing the H20 and HTO at a fast enough rate so. that their partial pressures in the 

helium do not exceed 10-2 Torr. 

For all of the subsystems included in the primary loop processing system in 

Table 15.5, it. is assumed that the partial pressures of HT and T2 just outside the 
-15 . 

primary containment of each subsystem are maintained at levels < 10 Torr by the helium 

purge flow· system according to Eqs. (15.10) and (15.11). 

Mapping studies of the subsystems listed in Table 15.5 were performed (with 

HDTMAP) using the appropriate dimensional data for each subsystem as given in ,Chapter 11, 

the parameters listed in Tables 15.1 through 15.4, and the assumptions about partial 

pressure levels of important protium, deuterium, and tritium bearing species discussed 

abov.e. 

Result of the Mapping Calculations 

The intention of the first round of calculations· was to determine the 

magnitude of the most significan~ tritium losses; hence, the study concentrated on the 

series of heat exchangers that are described in detail in Chapter 11. It is held that 

these represent the only significant tritium leakage path because they are the only 

interf·acial components that are not amenable to disengagement from the environment by 

encapsulation in a migration barrier formed by a relatively impermeable coating, a purge 

jacket, or a combination of both. Since there is continuous leakage of water from the 

steam system to the environment, it is conceivable that all the tritiu~ entering this 

.system would eventually escape. Thus, the worst case is assum~d, and the amount of 

tritium that would be emitted to the environment if all of the water in the steam system 

were routinely dumped into an existing lake or river is calculated. 

The parameters listed in Table 15.6 for the heat exchangers and the solubility 

and permeability constants given in Tables 15.1 through 15~3 were used to calculate the 

tritium distribution and leakage characteristics of the heat transfer network. The 

pa.rtial pressure of tritium in the LiBeF 3 was. fixed at 10-2 Torr, in accord with the 

extraction system proposed in Chapter 14. The oxygen level in the helium coolant was 

held at 10-2 7orr and the partial pressure of tritium gas (HT and T 2) was assumed to not 

exceed lo-12 Torr in the helium circuits if the desiccators (Chapter 14) maintain the HTO 

and .H
2
0 partial pressures at levels< 10-2 Torr. 
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Table 15.6. 

Parameters for the Heat Exchanger 

Mapping Study on the Reference Model 

Total Sy::item 

Heat Areaa Thickness Temperatureb (oC) 

Exchanger Material (cm 2) (cm) Highest Lowest 

LiBeF3 /He PE-16 2.16 x 108 0.285 663 360 

Ma.i11 
Steam Incoloy - 800 6.49 x 108 0.47c 550 320 
Generator 

High 
1.05 x 108 0.38c Pressure Incoloy - 800 590 470 

Re heater 

Low 
0.84 x 108 0.38c Pressure Incoloy - 800 595 495 

Reheat er 

a. 
The combined area of all independent units. 

b 
Temperature profiles are given in Appendix B. 

c 
Incoloy-800 only. (This does not include the 0.25-cm thickness of copper used in 

some of the calculations.) 

/ 
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In order to test a means of providing an additional limitation to the tritium 

flow through the helium/steam heat exchanger network, we have also considered a case 

where the tubing in this network is fabricated from a laminated composite consisting of a 

layer of copper sandwiched between two layers of Incoloy-800. The copper must be tightly 

clad to the Incoloy-800 at both interfaces in this composite so that there is minimal 

impedence to heat transfer aqd to prev~nt streaming of hydrogen isotopes across the 

interface surfaces in the event tha~ the copper layer develops holes. 

A series of calculations with ~nd without a 0.25 cm copper layer in the 

helium/steam heat ex~hanger are outlined in Table 15.7. The copper layer proves to be a 

reasonably good limiter to tritium migration if the continuity of the laminated structure 

is maintained; however, without the copper layer, the indicated loss rate of < 6 

Curies/day is still wel~ within the limits of acceptapility previously discussed. The 

results of these calculations are illustrated in Fig. 15.1. 

The amounts of dissolved tritium in the heat exchanger structure and fluids 

(see Fig. 15.1) are small considering the volumes of these materials. For example, if it 
- ( 
becomes necessary to remove and refabricate all the helium-carrying ducts in one of the 

24 bl~tiket segments, and if thete is no.opportunity to remove the tritium held up in these 

ducts prior t6 disassembly, the duct material will contain about 1,000 Curies of 

relatively immobile tritium, ~n amount that does hot· present a :severe handling or 
\ 

disposal problem in comparison to the problems associated with other activation products 

- in the ductwork. - under th.e conditions considered in the above analysis, the total amount 

of tritium held up (dissolved) in the blanket structure should not exceed 30·-grams. As 

indicated in Fig. 15.1, there will be about 5 grams of tritium dissolved in the helium 

carrying dticts in the blanket region. The remaining structural material within the plant 

that is not.directly interfaced· with.the blanket fluid will contain no. more than 2 grams. 

Concentration of most of the tritium holdup in the blanket region is a consequence of the 

fact that the chemical activity of tritium as HT or T 
2 

is much higher in the blanket 

2 -6 fluid (< 10- Torr) than in any other sector of the plant (< 10 Torr). Even so, 

hydriding of the structural materials is not expected to become a serious problem 

anywhere in the plant because the maximum tritium concentration does not exceed 0.1 ppm 

in the blanket structure and is appr~ciably lower in other regions. 

The leakage of tritium through walls and other containment structure into the 

helium. purge flow system is calculated based on a model that assumes the total area of 

the structure to be roughly lOio· cm2 of stainless steel 1-cm thick at a temperature of 

500°c. The assumed area and thickness appear to be in line with current and projected. 



Ilelium/Steam 

Heat Exchanger Wall 

Without Copper Layer 

With 0.25 cm 
CoppP.r Layer 
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Table 15.7. 

Summary of Leakage Calculations 

on the Helium/Steam Heat Exchanger 

Network for the Reference Model 

Daily Tritium Leakage to Steam System 

Curies 

< 6 

'V 1 



LiBeF3 

BLANKET 

PHT +PT ~ I0-2 TORR 
2 

PTF ~ I TORR 

Sr ot 10 grams 

(MOSTLY TF) 

PE-16 
TUBE 
WALL 

~ 

HELIUM LOOP 

PHT + Pr
2 
~ I0-12 TORR 

PHTO ~ 10- 2 TORR 

Po ~ 10-2 TORR 
2 

' 
Sr c.e 7grams 

(MOSTLY HTO 8 T2 0) 

ST ~ 5 grams 
...... 
<PT< 150 gram Ida~ 

LAMINATED 
HEAT 

EXCHANGER 
WALL 

r----. 
INCOLOY 800 

COPPER 

STEAM SYSTEM 

PH ~. I0_-5 TORR 
2 

PT « PHT «PH 
2 2 

SYMBOLS 

H = PROTIUM 
T = TRITIUM 
O= OXYGEN 

Sr Co! l0- 3 grams c£,T:-•2XI0-4 gram/day* SH ~ 0.7gram 

a>H < I ~ram/day* ... 

P = H2 , T2 ,OR HT PARTIAL PRESSURE 

S = AMOUNT OF DISSOLVED H OR T 

<P= RATE OF PERMEATION OF H ORT 

'""" "-('ff WITHOUT THE COPPER LAYER ·<t>T ANO cl>H 
ARE OVER A FACTOR OF THREE LARGER) 

7443.79 

Fie;. 15.1 Tritium map of the heat 
exchane;er network for the PPL Tokamak ·aes·ign. 



429 

design details for most of the important systems, but these details remain to be 

established in future design efforts. The assumed temperature is somewhat higher than 

the anticipated average temperature of the containment structure, which will be shrouded 

by the helium purge flow system; hence, the results of a leakage calculation at 500°c 

should be reasonably conservative. Using this model, the parameters for tritium 

permeation thr~ugh PE-16 and Incoloy-800 given in Table 15.3, and an average T2 driying 

-6 pressure of 10 Torr, we estimate a tritium leakage rate to the purge flow system of 

2 grams/day. Although this_ leakage rate is small compared to the tritium injection rate 

of 250 grams/hr or breeding rate of 23 grams/hr, the tritium collected in the purge must 

still be recovered, processed, and returned to the fueling system in order to avoid 

long-term economic penalties and additional waste disposal problems. If the leakage rate 

to the environment from the purge flow corresponded to 100 ppm per day (a conservatively 

large fraction) then the daily tritium release to the atmosphere as a gaseous discharge 

would be about 2 Ci. This release coupled with the 6 Ci/day (or less) loss from the 

steam system gives a total tritium leakage of < 2 Ci/day/1000 MWt. 

Heat Exchanger Breakdown 

It is beyond the scope of this study to consider in detail the consequences of 

leaks that develop through the heat exchangers. Small leaks in the cooling tubes that 

carry helium through the blanket could in principle lead to a situation where the tritium 

flow into the helium exceeds the limits of the oxidizing potential of the helium circuit 

and/or overloads the desiccators. This situation is somewhat mitigated by the fact that 

helium sprays into the blanket fluid; thus, any tritium passing through leaks in the 

heat exchanger wall must flow against the thrust of'a high pressure helium jet. This is 

true in the case of the helium/steam heat exchanger as well, where the steam sprays into 

the helium. Experience with helium/steam heat exchangers from other programs (like the 

High Temperature Gas Cooled Reactor) is not adequate to allow the establishment of 

reliable criteria for helium/steam heat exchanger integrity. However, these problems 

should be less severe than for sodium/steam systems where additional wastage due to the 

d . . f . 1 . 24 so ium-water reaction· can cause ai ure propagation. Since there appears to be no 

wastage mechanism in-.a helium/steam system, there is no reason to expect rapid, large 

scale breakdown of the heat exchanger structure to develop from a small number of 

scattered pinhole leaks. 
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Chapter. 16 

Hazards 

P. W. Davison* 

Introduction 

In this chapter the major systems of the plant are reviewed from the point of 

view of identifying the hazards associated with their normal and. abnormal operation. 

Both public hazards and service hazards are considered. 

A public hazard is defined as one whose· consequences could include injury or 

radiation dosages in excess of regulatory limits to persons located outside the plant 

site boundary, or damage to or radioactive contamination of public or private property 

outside the site boundary. A service hazard is defined as one that could result in 

injury or radiation dosage in excess of regulatory limits to persons within the site 

boundary, could lead to damage to or radioactive contamination of plant property, or 

could result in the interruption of the electric power output of the plant. 

Engineered safeguards and operational procedures are identified · for 

eliminating these hazards or minimizing their consequences. The most serious credible 

accident is identified as the design basis accident and the design requirements specified 

for assuring that the consequences of that accident will not exceed the regulatory limits 

for accident conditions. 

·In assessing the hazards involving radiation and radioactive materials, use 

has been made of guidelines established by the U. S. Atomic Energy Commission and 

published in the Code of Federal Regulations.1 Those guidelines, which it is believed 

will be applicable to the hazards associated with the normal operation of a fusion power 

plant, are. given in· Table 16.1. The first two lines in the table are taken from Ref. 1, 

Part 20 - Standards for Protection Against Radiation, Paragraphs 20.101, 20.103, 20.105, 

and 20.106. The last two lines in the table are taken from Part 50 - Licensing of 

Production and Utilization Facilities, Proposed Appendix I·, Section II? which gives some 

specific objectives for the d.esign of light water reactors. For hazards due to abnormal 

operation, the guides have been used that are given in Part 100 - Reactor Site Criteria, 

Paragraph 100.11 and quoted with adaptations below; they consist of changing the phrase 

"fission product release" to. "volatile radioactive material release" and deletion of 

references to the thyroid dose from iodine exposure. 

*westinghouse Electric Corporation 
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Table 16.1. 

Maximum Allowable Levels of Radiation and Radioactive 

Area 

Restricted, on Site 

Unrestricted, on Site 

At Site Boundary 

Sizable Population 
Group£ 

Materials for Normal Reactor .Operation 

Wh:::>le Body 
Radiation Dose 

1.25 rem/qtr 

2 mrem/hr _ 

5 mrem/yr(liquid) 
20 mrem/yr(gaseous) 

1 mrem/yr 

Tritium Concentrations above Natural Background* 
Inhalation Submersion** In Water 

µCi/ml µCi/n1 µCi/m~ 

5 x 10~·6 

2 x lo- 7 

*** 

2 x 10~ 3 

4 x lo-5 

1 x lo-1 

3 x 10-3 

*** 

* Averated over a period of not greater than one year except for Restricted Areas, in 

which case concentrations are based on exposures of 40 hours in any period of seven 

consecutive days; for shorter exposures in restricted areas, the concentrations can 

be increased accordingly. 

** Values given in this column are for submersion in a semi infinite cloud of 

airborne material. 

*** The most recent version of the Proposed Appendix I to 10CFR502 iives no limitation 

on tritium release concentrations except in terms of total annual doses to 

perso~nel in unrestricted areas. If it is assumed that the total annual dose is 

due to inhalation, the allowable concentration of HTO in air is 1.2 x 10-9 Ci/mt 

based on a dose conversion factor of 1.7 x 10-6 (rem/yr)/(pCi/m1) from Table D.l of 
. -5 

Ref. 5. For tritiated water the allowable concentration is 5 x 10 µCi/m1 based 

on tte International Commission on Radiological Protection Committee 2 dose 

conversion factor of 1 x 10-5 (mrem-yr)/(µCi/mt). 
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"100.11 (a) As an aid in evaluating a proposed site, an applicant 
should assume a volatile radioactive material release from the reactor, the 
expected demonstrable leak rate from the containment and the meteorological 
conditions pertinent to his site to derive an exclusion area, a low population 
zone and population center distance. For the purpose of this analysis, which 
shall set forth the basis for the numerical values used~ the applicant should 
determine the following: 

1. An exclusion area· of such size that an individual located at 
any point on its boundary for two hours immediately following 
onset of the. postulated volatile radioactive material release 
would not receive a total radiatiori dose to the whole body in 
excess of 25 rem. 

2. A low population z'one of such size that an individual located 
at· any point on its outer bound~ry who is exposed to the 
radioactive cloud resulting from the postulated volatile 
radioactive material release (during the entire period of its 
passage) would not rec~ive a total radiation dose to the whole 
body in excess of 25 rem. 

3. A population center distance of at least one and one-third 
times the distance from the reactor to the outer boundary of 
the outer low· population zone. In applying this guide, 
due consideration should be given to the population 
distribution within the population center. 

Where very large cities are involved, a· greater distance may be 
necessary because of total integrated population dose consideration." 

Identification of Hazards by Major Systems 

Reactor (Including Magriet Coils) 

1. Normal Operation 

The reactor and plant will be designed so that there are no public hazards 

· cturing normal operation of the reactor. The public hazards associated with neutron and 

gamma radiation and tritium· leakage will be eliminated by adequ\ite shielding and 

containment design. There are, however, several service hazards which must be 

considered. 

Tritium Leakage 

This is considered to be the most serious service hazard during normal 

.operation of the reactor. The public is protected from this hazard by the reactor 

building containment· system. However, plant personnel ·must routinely· enter the reactor 

building to maintain the auxiliary systems and equipment located there. 

The presence of a significant inventory of tritium, about 540 g or 5.4 MCi, 

in the reactor and associated systems represents a radiological hazard that must be 

evaluated. Tritium emits only 8-rays and thus, as long as it is contained, it presents 

no hazard. However, because of the high rate of permeation of tritium through many 

materials, including stainless steel, particularly at elevated temperatures, the 

potential exists for leakage of tritium into the atmosphere of the reactor building. 

There it would represent a hazard to personnel entering the building. The direct hazard 

would be the result of ingestion by inhalation, but there is also the indirect hazard 

from absorption in the skin and clothing; 
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The primary safeguard against this hazard is that of taking all practical 

means to contain the tritium within the various systems. The reactor vacuum chamber must 

be extremely leak tight in order to maintain the very high vacuum and low impurity levels 

required for reactor operation. This will be accomplished by using welded joints 

wherever possible, .and where gasket seals must be used they will be double with the space 

between evacuated. A low pressure helium purge will be maintained in the region between 

the flibe blanket and the shield blanket. All pipes carrying fluids containing tritium 

at elevated temperatures will be double walled with a helium purge between the inner and 

outer walls. Dy these means the tritium leakage to the atmosphere of the reactor 

building will be maintained at essentially zero during normal reactor operation. In 

addition the building atmosphere will be continuously monitored and should the tritium 

level exceed safe levels, the access of personnel to the building will be restricted 

until the levels are reduced by the building atmosphere control system. 

Radiation Leakage 

The blanket shield is designed to furnish protection from radiation heating 

and damage for the reactor components located in the reactor compartment. This shielding 

will not be adequate to reduce . the radiat~on to biologically acceptable levels during 

reactor operation. Thus, an additional shield will be placed outside the reactor 

structure, 

The neutrons produced in the plasma and the gamma rays generated in the flibe 

blanket· and structural materials surrounding the plasma are a potential hazard to 

equipment and personnel. The hazard to equipment is that of radiation damage and 

heating. The hazard to personnel is that of radiation induced biological effects. 

This hazard is eliminaterl by thR 1isR of adequate shielding around the reactor. 

Of the equipment which must be located in the immediate vicinity of the reactor, the most 

sensitive to radiation damage and heating are the superconducting magnet coils (Chapter 

13). A shield located just outside the flibe blanket and divertor · throat has been 

designed (Chapter 10) to furnish adequate protection for these.coils. Additional· 

shielding between the vertical field coils has been added to furnish biological shielding 

to allow access to the reactor area when the reactor is shut down. 

The radiation levels outside the blanket shield are, however, during operation 

65.6 rad/hr from gamma rays and 3625 rem/hr from neutrons, which are much too high for 

personnel exposures. Therefore, a biological shield has been placed outside and 

completely around the reactor structure. This two-meter-thick concrete shield reduces 

the neutron level to 0.2 mrem/hr, which is a factor of 10 below the maximum level allowed 
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for an on site unrestricted area. Physical barriers and mechanical interlocks prevent 

personnel entry inside the biological shield du~ing reactor operation. 

When the reactor is shut down, the radiation levels a~e significantly reduced 

in a matter of minµtes~ The neutron levels are essentially'negligible - there are no 

delayed neutrons as in fission reactors. However, because of induced radioactivity in 

the reactor materials, there is a radiation level within the biological shield of 27 mrad 

per hour due to gamma rays. This level is low enough to allo~ access of personnel to the 

areas outside .the blanket shield but will require procedures and health physics 

monitoring to assure that the accumulated doses to personnel are maintained below the 

levels given in Table 16.1 and Paragraph 20.101 of Ref. 1. 

High Magnetic Fields 

The hazar.ds associated with the presence of a large volume of high m.agnetic 

field fall into the category of service hazards. There are hazards to personnel 

(Ref. 3), but because of the distance '. to the site boundary and the rapid falloff of the 

magnetic fieids with distance, there will be no hazards to the public. A plot of the 

magn.et;ic ·field as a function of distance from the center of the reactor is shown in 

Fig. ,16.1.. 

The hazards to equipment are.those associated with the perform~nce of rotating 

machinery and electrical equipment in high magnetic fields. These can be eliminated or 

minimized'. by proper location of stich equipment and by use of magnetic shielding. The 

biological effects .of magnetic fields have been speculated on for several centuries, but 

it has only been in the past decade that any attempts to obtain quantitative data have 

been made. There are certainly hazards to personnel and equipment when loose magnetic 

materials, such as tools, are used .in high magnetic fields. These hazards are well known, 

and procedures and techniques exi~t to eliminate or minimize them. 

2. Abnormal .Operation 

The plant will be designed to eli~inate public hazards from abnormal operation 

wherever .possible. A review of the credible abnormal operations of the reactor indicates 

that this can be done. The only hazards to the public are those whose. consequences 

involve the release of radioactive material. The reactor building containment plus 

proper syst~m design prevent the· release of excessive quantities of radioactive material 

to the environment due to any conceivable accident or abnormal conditions. 

As discussed in Chapters 10 and 17, significant quantities of radioactive 

materials are produced in the structures and breeding blanket of the reactor. At reactor 

shutd9wn after 30 years of operation - the worst case - over half of the activity, and 

all of the long lived activity, .is from metals. The remainder have an initial activity 
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of 7100 megacuries. They all 

fluorine-18 with a half-life of 

have half-lives of less than half a minute except for the 

110 minutes and an activity of 660 megacuries. They are 

contained in the flibe system at low pressure - less than 2 atmospheres - so that even if 

the flibe system were to rupture, the radioactive gases would be retained within the 

containment building. 

The helium system -does contain 7 grams, 70,000 curies, of tritium and is at a 

fairly high pressure, 50 atmospheres. However, as indicated in Fig. 11.22 of Chapter 11,

shutoff valves are located at strategic points in the reactor cooling system so that if a 

helium line or tube ruptures in one or more sectors of the reactor it or they can be 

isolated, and only a fraction of the total helium would be released. Based on the 

analysis of a major helium duct rupture, which is discussed below, it has been concluded 

that the helium and the tritium contained in it which are released in this type of 

accident would be contained within the reactor building and thus would not be released to 

the atmosphere. 

Rupture of a Helium Coolant Line 

The rupture of a tube or header in the reactor cooling system is considered 

the most serious service hazard associated with the reactor system. As mentioned above, 

shutoff valves will isolate the rupture from the rest of the cooling system; relief 

valves will be connected to the breeding blanket and vacuum systems to prevent them from 

overpressurization and rupture; however, except for minor, pinhole type leaks, the 

reactor will have to be shut down and the leak isolated or repaired. Incidentally, if 

the leak is in the radiation shield wall or the inner side of the vacuum wall, it will 

probably extinguish the plasma and thus, shut down the reactor. Pressure transducers 

located in the headers in each reactor sector and cooling subsystem will allow the 

defective subsystem to be isolated and norma·1 cooling to be maintained to the remainder 

of the reactor with one. exception. In the present design of the vacuum wall and 

radiation shield wall cooling systems they have a common exit header. It would probably 

be feasible to use separate headers, but this has not been.analyzed. Even so, unless the 

rupture were massive, cooling under shutdown conditions could be maintained until the 

decay power dropped to a level where the cooling could be discontinued. Also, the vacuum 

wall would be cooled by the flibe, and thus the radiation shield wall is the one most 

likely to overheat; however, it is also the one that could withstand some overheating 

because with little or no helium pressure in the tubes, the mechanical requirements 

placed on it are minimal. 
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If the rupture occured in the flibe blanket cooling system, the tubes and 

headers would be cooled by the flibe. It is possible that they would exceed their design 

maximum wall temperature of 680°C for a period of the order of a half hour because the 

bulk flibe temperature at shutdown would be about soo0 c. However, without the helium 

pressure in the tubes, this should cause no damage to them. 

The walls of the divertor receive only low levels of neutron and gamma ray 

flux and will not have any significant decay heat removal requirements. There would 

probably be an overheating problem during the reactor shutdown period - less than one 

minute - but cooling could be maintained during this interval. 

Tt. h::iR hAAn r.on~l11ded, therefore. that in the event of a reactor cooling 

system malfunction, the damage could probably be confined to the tube or line involved 

or, at worst, to the reactor sector in which it occurred. If only one or several tubes 

are damaged they could be plugged using techniques that have been developed for remotely 

plugging defective tubes in steam generators. Because of the good thermal contact 

between adjacent cooling channels in the vacuum wall, there would be no overheating 

problems in the plugged channel. For a cooling tub'e in the flibe blanket, its 

temperature woulrl risP. to that of the flibe, but with no internal pressure this would be 

acceptable. In the radiation shield wall, the thermal contact between adjacent tubes is 

poor so the plugged tube would probably heat up. However, the tube would have little in 

the way of mechanical loads to support and could withstand overheating. 

The reactor building will have an atmosphere control system for maintaining 

the tritium levels below acceptable vaJ.uAs rl11ri ng normal _operations and to reduce them to 

acceptable values in a short period of time after an ac·cident such as this. So within a 

rlRy nr so after the malfunction, personnel access to the reactor area would be possible 

without special clothing and breathing equipment. 

The tube plugging operation could be performed from the region just outside 

the blanket shiP.lr!; as mentioned above during shutdown periods the radiation levels 

outside that shield are low enough to allow extended, though monitored, occupation by 

personnel. Therefore, it is estimated that a shutdown of the order of several days to a 

week wnulrl hP. all that would be required. 

If the damage were extensive enough to require replacement of a reactor 

sector, the shutdown tjmP. would be longer. However, since it is normally planned to 

replace sectors on a periodic basis, they will be designed, and ·procedures will be 

developed to do thjs P.XpP.ditiously - the goal for this operation is to perform it within 

a period of one month or less. 
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Thus, it is concluded that while plant operation will probably have to be 

interrupted as a consequence of this malfunction, the interruption would not be· longer 

than that required for the periodic replacement of a reactor sector. This is undesirable 

but is not considered serious. 

As mentioned above relief valves. are provided to protect the vacuum chamber 

and the flibe blanket structure. It might be possible to vent those valves to an 

accumulator, but it would be preferable to vent them to the upper portion of the reactor 

building because of the need for a low back pressure system, As will be discussed below, 

the portion of the reactor building above the reactor floor and the compartments 

containing the helium ducts (see Fig. 11.25) are hermetically sealed relative to the rest 

of the reactor building. Accordingly, this malfunction would not represent a hazard to 

personnel in -t;he .other portions of the reactor building•. Personnel would not .normally be 

in the area above the reactor floor or in the duct compartments. However, should 

individuals happen to be there at the time the malfunction occurred, they would receive 

radiation exposure due to the release of the tritium contained in the helium. The vents 

would be directed upward so tnat the personnel would not be subjected to direct exposure 

. to the high temperature helium and would be able to leave th_e area rapidly through 

. airlock type portals. It is difficult to estimate the radiation dose they would receive, 

. but it would most probably be less than the acceptable once in a lifetime dose. of 25 rem. 

Malfunction of the Divertor Field System 

Another serious service hazard is one associated with a malfunction of the 

, sy~tem that establishes the magnetic field configuration required to produce the divertor 

.action (see Chapter 6). One of the functions of the divertor is to prevent the cold 

plasma striking the walls 

system malfunctions, the 

of the plasma chamber and the divertor chamber. 

cold plasma will strike the radiation shield 

Thus, if this 

wall. The 

resulting damage will depend on the extent and duration of the malfunction, It is 

expected to be self-limiting in that the impurities released from the radiation shield 

wall will extinquish the plasma. This will probably occur before a significant amount of 

material is removed from the wall. The increase in radiation because of the impurities 

in the plasma will produce a thermal transient in the inner surface of the wall, but the 

wall can be designed to withstand it. 

Should the malfunction be such that the cold plasma strikes only a small 

portion of the radiation. shield wall, it could re.move enough of the wall material to 

cause a rupture. The consequencies in that event would be similar to those dis~ussed 

above for a coolant tube rupture. 
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In any event, the plant would have to be shut down, the cause of the 

malfunction corrected, the extent of the damage determined and any needed repa_:i.rs made. 

In what is considered to be the more probable case of no damage to the radiation shield 

wall, the shutdown period would be less than a day. In the unlikely event of the rupture 

of a number of the coolant tubes in the wall, one or more sectors of the reactor would 

have to be replaced, and the plant would be down for the order of a month. 

Malfunction of the Vertical Field System 

The consequences of a malfunction of this system would be similar in many 

respects to those discussed above for a malfunction of the divertor field system. A 

reduction in the magnitude of the vertical field would cause the separatrix to move out 

along the major radius with the result that the cold plasma would strike the radiation 

shield wall. If the reduction were large e~ough, the hot plasma would also strike the 

wall. In the latter event, there would probably be extensive damage to the wall, and the 

plant would be down for several months. 

Malfunction of the Toroidal Field or Control Field System 

For anything except a major malfunction of these two field systems, there 

would be no damage to the reactor. As discussed in Chapter 13, up to eight of the 

toroidal field coils can be out of service, and as long as adjacent coils are not 

involved reactor operation could be continued at a reduced level. Should the malfunction 

be that one or ·more of the coils went normal, provision will be made for dumping the 

stored energy into a small lake adjacent to the reactor building. 

The results of a malfunction pf the control field system would depend on when 

it occurred in the operating cycle and the effect it had on the field (see Chapter 5). 

If one of the field coils had to be taken out of service, reactor operation could be 

resumed using a shorter operating cycle. 

Heat Transport System 

The heat transport system transfers the thermal power from the reactor td the 

steam generators, which in turn supply power to the turbine generator. This system is 

described in detail in Chapter 11. Normal operation of. this system will not involve any 

public hazards nor any serious service hazards. However, certain abnormal conditions 

have been identified that do present significant though not excessive public and service 

hazards. 
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1. Normal Operation 

The only significant hazard during normal operation that has been identified 

is that due to leakage of tritium from the system. This hazard and the procedures to 

eliminate or minimize its consequences are discussed above in the section Reactor 

(Including Magnet Coils), 1. Normal Operation, Tritium Leakage. That discussion is 

equally applicable here with the difference that the tritium contained in this system is 

only 7 grams or 70,000 curies. 

2. Abnormal Operation 

One mode of failure of this system, the rupture of one of the main ducts, is 

considered to be the service hazard with the most serious consequences. That· is because 

it could resuit in the serious injury to or death of plant ~ersonnel. It also is the 
J loss of coolant accident and could result in major damage to the reactor. However, the 

exposure of off site. personnel as a result of this accident while high is not excessive. 

Rupture of a Main Duct 

It is considered very unlikely that one of the main helium ducts between the 

reactor and the steam generators would rupture. They will be double walled to furnish 

th~rma1 insulation and tritium containment. They will be conservatively designed to 

withst~nd any foresee~ble. abnormal condition such as thermal transients and. earthquakes. 

~owever, the consequences of such an accident are so great from the point of view of 

plant operation that they must be recognized. 

Should this accident occur, the high pressure helium (50 atmospheres) at high 

temperature (638°C, maximum) would be released into the Steam Generator Building, the 

duct compartment and the Reactor Building above the operating floor. If this helium were 

contained within those areas, an approximate calculation. using the air and helium 

volumes, temperatures and pressures given in Table 16.2 shows that the pressure would 

reach 3.0 atm (29 psig) above ambient and the temperature 200°c. The design and 

construction of a containment to confine this helium-air mixture should pose no special 

problems - the conditions are similar to those that current nuclear plant containments 

are designed to withstand. The tritium could. be removed by the atmosphere control system 

and very little released to the outside. However, if it were rapidly released 

accidentally through the 100 m stack, under the worst weather conditions (fumigation), 

the atmospheric dispersion factor at 200 m would be 5.2 x 10-4 sec/m (Fig. 2.1 ~f Ref. 4) 

so the maximum off-site dose would be 2 rem. This is over a factor of 10 below the 

lOCFRlOO guideline of 25 rem. If the release were, either accidentally or deliberately, 
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Table 16.2 

Fluid Inventories - Normal Full Power Condition 

Volume Temperature Pressure 
m3 OC atm 

Free Air in Containment 2.04 x iu5 20 1.0 
& s. G. Bldg. 

Free Air in Turbin~ Hall 5.00 x 104 20 1.0 

Helium in Heat Transport 4,820 638 49.0 
Systems Hot Leg 

Helium in Cold Leg 4,820 360 51.0 

. H
2

0 in Hot Leg 1,290 538 251 

H20 in Cold Leg 487 294 301 

Total Water 2,400 
' in Secondary Systems 
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more gradual the dose would be much less. Using Fig. 2.2 of Ref. 4, and assuming a 

uniform release rate over an 8-hour period, the maxim~m dose would be 80 mrem at 600 m. 

For a 4-day release the maximum would be 43 mrem at 600 m, and for a 30 day release, 

1.2 mrem at 600 m. 

As mentioned earlier, in the discussion .of the rupture of a reactor system 

coolant line, personnel will not ~ormally be on the reactor floor or in the duct 

compartments. However, should any be present in those areas in which this accident 

occurred, they would receive excessive radiation exposures. But that would probably be 

academic because they would more likely die because of exposure to the high temperature 

heiium long before the effects of the radiation exposure became serious . 

. As pointed out above, it is believed that this malfunction is the one that 

would result in the most serious damage to the reactor. . As discussed in the section 

above on rupture of a reactor coolant line, the flibe in th~ breeding'blanket wo~ld 

protect the vacuum wall and the blanket cooling tubes under conditions with zero or low 

pressure in them. However, the radiation shield wall would not be so protected and ~t is 

possible that all or a significant fraction of it would have to be replaced. This would 

require the plant to be shutdown for a number of months. 

Other Malfunctions 

The other malfunctions identified for the heat transfer system are those that 

are related. to the operation of the valves in the system. These failures are the 

following: the valve doesn't open or close when commanded to 40 so; the valve becomes 

open when it should be closed; and becomes closed when it should remain open. During 

normal operation all of the valves shown in Fig. 11.22 are fully open except the three on 
\. 

the outlets of each of the helium circulators (36 valves); the positions of those valves 

are adjusted in accordance with the level of power being generated. Thus, the valves 

would normally be operated during startup, power change or shutdown, and the failure of 

the valves to operate would only delay the planned operation. Once the plant is in 

operation, the only valves that must be operated normally are those on the outlets of the 

circulators. Because of the twelvefold redundancy, failure of one of these valves could 

be compensated for by adjusting the others. Also the actuators for those valves are 

accessible during reactor operation, and if the cause for the failure were in the 

actuator, it could be corrected with only a minor perturbation on the plant operation. 

However, during certain accident conditions, such as a pipe or duct rupture, 

some or all of the valves would be commanded closed depending on the location and nature 
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of the malfunction. If the proper valve or valves did not close, the consequences of the 

.accident would be worse than otherwise but in any event would be no worse than the 

complete loss of coolant accident discussed above. 

Power Conversion System 

During the normal operation of this system and also during most of the modes 

of abnormal operation, with the exception of the additional hazards introduced by the 

presence of a significant quantity of tritium in the system, the hazards and their 

consequences are the same as those of a conventional fossil fired or nuclear power 

conversion system of the same rating using supercritical steam. While the consequences 

of these hazards are significant, methods have been and will continue to be developed to 

eliminate or minimize those consequences. This plant will take full advantage of those 

methods. Some of the hazards due to the presence of tritium in the system are discussed 

in Chapter 17 in the section on Waste Disposal, but those will also be considered here. 

1. Normal Operation 

During normal operation, 6 Ci/day or less of tritium diffuse through the steam 

generator tubes into the steam system (see Chapter 15). In the analysis, the results of 

which are given in Chapter 17, Waste Disposal, it was concluded that the preferred method 

of disposing of this tritium is to bleed off 1.5% of the steam system inventory per full 

power .day of operation and vent that steam through a 100 m stack. For average weather 

conditions, this results in 0.18 mrem/yr maximum exposure to off-site personnel - a 

factor of about 100 below the recommended guidelines for light water reactors given in 

the proposed Appendix I to 10CFR50 2 . The tritium inventory in the steam system would be 

400 Ci, and the components of the system would be saturated with tritium. Therefore, any 

maintenance operations will have to be planned with this in mind. However, because 

tritium emits only 8-rays, protective gloves and clothing and breathing equipment are all 

that would be required. During maintenance periods, the tritiated water in the system 

would be dumped into the condensers and auxiliary storage tanks. 

2. Abnormal Operation 

The presence of tritium in the steam system also introduces additional hazards 

during abnormal operation of the system. 

significant buX acceptable. 

The consequences of these hazards are 

Main StP.am LinP. Rupture in 'l'urbi.ne Hall 

From the public hazard and service hazard point of view, the most serious 

abnormal operation of the power conversion system would be a rupture of the main steam 
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lirie in the turbine hall at or near the very high pressure turbine or the high.pressure 

turbine. There will be .shutoff valves in the outl~ts of the steam generators, throttle 

valves at the turbines, and provision for steam dump to the condenser, but it is assumed 

that these do not operate. If they all function properly, within 30 seconds the steam 

and tritium release will be reduced by a factor of 50. Assuming that the total steam 

system inventory is released to the turbine hall and using the volumes, temperatures ·and 

pressure·s given in Table 16.2, the resulting temperature would be about 200°c and the 

pressure about 7 .. 7 atm or 98 psig_. Therefore, it is assumed that the turbine hall walls 

would rupture, and the steam and tritium would be released to the atmosphere. For a· 

ground level release· the atmospheric dispersion factor at 200 m would be 1.1 x l0-2seG/m3 

(Ref~ 4, Fig. 2.3). Using a dose conversion factor of 1~7 x l0-6 (rem/yr) per 1 p Ci/m3 ), 

(Ref. 5, Table D.l), the maximum off-site dose would be 240 mrem which is about a factor 

of 100 below the guidelines for accidental releases given in lOCFRl00. 1 While this 

consequence is considered acceptab~e, it can be reduced by engineered safeguards. As 

mentioned above, if the shutoff valves on the steam generators close within 30 seconds, 

the off-site dose would be reduced by a factor of about 50 to 4.8 mrem. Also, blowout 

panels could _be placed in the roof of the turbin~ hall;· this would give an elevated 

release of the tritiated steam which would.further reduce the off-site dose. This would 

also reduce the damage to the turbine hall. 

With regard to . injury ·to plant p.ersonnel, this is the most serious plant 

malfunction. It is probable · that a number of individuals would be in the Turbine Hall 

performing routine maintenance and checking the performance of equipment, and it is very 

like1y that they would be killed by the steam. For this reason the radiation exposures 

would be of little, or no significance. 

As for the damage to the plant,· that would depend on the· location of break and 

whether or not the engineered safeguards function properly. The worst case would be one 

in which ·a turbine were ser.iously damaged. This would probably result in the plant being 

off line for at least several months. 

Rupture of a St~am Line in the Steam Gen~rator auilding 

If a main steam line ruptures in the steam generator building, which is 

connected to the reactor contai"nment, the resulting temperature and pressure in the 

atmosphere of the containment would be less than in the case above because of the larger 

volume. An approximate calcU:latidn which used only two temperatures and pressures for 

the H2o (see Table 16.2) and 
. 0 

assumed equilibrium mixing of the H20 and air gave 80 C and 
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0.75 atm (11 psig). The calculation did not take into account condensation of the steam 

on the walls and floors, which would reduce both the temperature and pressure. Thus, it 

is reasonable to assume ·that the release would be retained within the containment. 

However, if the 400 Ci inventory were all released through the 100 m stack, the resulting 

maximum off-site dose would be 11.2 mrem under adverse weather conditions or 0.45 mrem 

under average weather conditions. Neither of these is excessive for accident conditions. 

With regard to service hazards, the plant would undergo an emergency shutdown 

with the associated rapid thermal and pressure transients. However, as is current 

practice for nuclear power plants, the systems will be designed to withstand a certain 

number of such transients during the life of the plant without degradation. The most 

serious service consequences of this malfunction would result if personnel were in the 

Steam Generator Building or Duct Vault at the time it occurred. They would be seriously 

injured and probably killed as a result of exposure to the high temperature steam. For 

individuals not killed by the steam, their radiation exposures would be less than those 

given in Table 16.1 for restricted areas if they are exposed for less than 8 hours. 

Personnel in the Reactor Containment above the operating floor at the time of the 

incident wquld be injured by the high temperature (80°C) atmosphere. The extent of their 

injuries would depend on how promptly they escaped or were removed from that area. 

Normally personnel would not be irr the Steam Generator Building, Duct Vault or 

on the reactor operating floor. Those portions of the Reactor Building that will be 

routinely occupied will be isolated by. pressure barriers so that personnel in them would 

not be exposed to the steam or tritium releaced in the abnormal occurrence. 

The damage to the plant would be primarily in the Steam Generator Building and 

would depend on the exact nature and location of the pipe rupture. The worst case would 

be a double ended rupture, i.e., complete severance, at a location where the two ends of 

the pipe could whip around and damage nearby equipment. The main items in the building 

will be the steam generators, the helium circulators, the steam lines, the helium ducts. 

and associated valves. The layout of the steam lines and their supports and the 

arrangement of equipment will be such that the damage will be confined to one steam 

generator system. Thus, it is very probable that after ~uch a malfunction all that would 

be required would be one to two weeks of shutdown time - to determine the cause of the 

rupture, to investigate the extent of the damage, to perform partial decontamination and 

to make preliminary repairs - then the plant could be restarted and operated at about 90% 

of full output until the· next scheduled shutdown. At that time, the damaged systems 

could be repaired and decontamination completed, 
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Fuel Injection Bystem 

1. Normal Operation 

This system is described in Chapter 5. During normal operation it will not 

present any public hazards nor any s.ignificant service hazards. Abnormal operation will 

·not result directly in any public hazards because of· the low tritium inventory. As 

discussed below, it is possible that certain abnormal operations could result in damage 

to the reactor if the backup safety systems do not function, but as pointed out above in 

the section on the Reactor System no injury or exposure to the public would result. 

2. Abnormal Operation 

Abnormal operation of the fuel injection system does present some service 

hazards. In most instances the consequences would be no more serious than an emergency 

shutdown of the plant and a delay of restart until the cause of the malfunction could be 

corrected - a matter of probably several days to a week if on-hand replacement components 

can be used. If the backup safety systems do not work and automatically adjust the 

reactor operation or ·shut the plant down, there would· be time, in most cases, for 

operators to take the necessary actions. 

Some of the malfunctions, such as under fueling, would result in a reduction 

in the plasma power ou"tput. The consequences would be a reduction in the electrical 

power delivered, which, while undesirable, is not serious. Other malfunctions, such as 

limited overfueling, would result in an· increase in plasma power which, if not checked by 

one of the multiple safety systems on the reactor and the power conversion system or by 

the _operator action, would lead to damage to the turbine-generators and/or the reactor. 

The. consequences of such an occurrence, which is considered incredible, would be similar 

to ·those considered above for those systems. It should be mentioned that excessive 

overfueling would result in "putting out" the plasma and shutting down the plant. 

Primary Fuel Loop Processing System 

This system and its- opera~ion are described in Chapter 14. 

operation, the only public hazards are those associated with the 

During 

relatively 

normal 

large 

inventory of tritium. These hazards will be eliminated by the use of double walled pipes 

and vessels and all· welded connections as discussed above in the sections on the reactor, 

the heat transport system and the power conversion system and by locating this system 

within the containment building which has an atmospheric control system. In addition, 

most of the components of the system except for the lines from the. reactor vacuum 

system and to the fuel injection system - will be located in a separate sealed room below 
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the reactor operating floor. This room will have its own atmospheric control and 

cleanup system. 

1. Normal Operation 

The main service hazards during normal operation are likewise due to the 

presence of tritium. Techniques have been developed in AEC programs, such as the weapons 

program, for handling tritium safely, and it is expected that the results of that 

experience will be available to allow full use in designing and operating this system. 

The main components of the system, compressors, precoolers and fractionators, are in 

current use for similar applications. The techniques that have been and will continue to 

be developed for minimizing the hazards associated with their operation will be utilized 

in designing and operating this system. 

2. Abnormal Operation 

The most serious conceivable abnormal operation of the primary fuel loop 

processing system is one'in which a major portion of the tritium inventory in the plant 

is released. Since the resulting consequences to the public would be very serious, this 

has been designated the Design Basis Accident and is discussed in that section below. 

The service hazards associated with such a tritium release would be 
\ 

significant but probably not serious. The most serious consequence would result if 

personnel were in the process equipment room at the time. Unless they were seriously 

injured, they would have time to leave the room, through an airlock, before they received 

excessive doses. If the tritium escaped into the other portions of ·the reactor 

containment building, personnel who were there would have ample time to leave the 

b~ilding. 

If the reserve .. fuel supply were lost in the malfunction, that is, the primary 

fuel processing loop and the blanket processing system were and continued to be operating 

normally, the plant operation could be continued without interruption during the cleanup 

and repair period. However, if a significant fraction of the tritium leaked into the 

reactor containment building, it would be wise to shut the plant down to avoid the 

possibility of another accident such.as a helium duct rupture forcing that tritium up the 

stack. A rapid release under the worst weather conditions would give a maximum off-site 

dose of about 600 rem. 

Other malfunctions in the primary fuel processing system such as rupture of 

one of the lines or components would have less serious public hazards associated with 

them because of the lower tritium inventories involved. ·The next most serious would be a 

rupture of the primary fractionator, which would contain, in liquid form, a large 
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fraction of the 253 grams of tritium in the main fuel loop. However, even if that total 

quantity were released, the consequences would be down by a factor of 12.5 from those 

considered above. The effect on plant operation. could be more serious in that th·e plant 

would have to be shut down.' Also, unless the malfunction were such that the reserve fuel 

suppl~ could be used, the plant would have to remain shut down until the cleanup and 

repairs had been accomplished. 

Blanket Processing System 

This system, which is also described in Chapter 14, ha~ the primary function 

of retrieving the tritium br~d in the reactor breeding blanket. It also has the 

important secondary functions of removing impurities from the breeding material, flibe, 

and of improving the heat transfer from the flibe to the helium cooling tubes in the 

blanket (see·Chapter 11)~ In addition, it is a part of the energy storage system used to 

maintain the plant power output during the periodic shutdown periods (see Chapter 18). 

Because of the last named function, the flibe reservoirs will be included. as part of this 

system even though they are not a part of the basic system described in Chapter 14. 

1. !formal Operation 

As in the c~se of the systems discussed above, the public hazards -and the 

major service hazards associated with the normal operation of this system are due to the 

inventory of radioactive materials in the.system. However, in this case the hazards are 

greate_r because, in addition to the tritium - 0.1 MCi - there is a large inventory of 

other radioactive materials - 7100 UCi (see Chapter 10). The majority 6f those materials 

_have very short half-lives, and others are not gaseous. From the hazards point of. view, 

the most significant material is the F-18 with a half-life of 110 minutes and a saturated 

activity of 660 MCi. The:method used to eliminate these hazards during normal operation 

is similar· in principle to that used for the other Systems containing tritium - double 

walled pipes and vessels, welded connections and iocation within the reactor containment 

building. 

The non-radiological service hazards associated with the normal operation of 

this system will be similar to those of molten salt systems used in the chemical industry 

and in the Molten Salt Reactor program. The experience obtained with those systems will 

be used in designing and operating this system to eliminate or minimize the hazards 

associated with its operation. 

2. Abnormal Operation 

As with normal .operation of this system, the most serious public and service 

hazards are those associated with the large inventory of radioactivity. A major 



451 

malfunction, such as the rupture of one of the main pipe.s or components, which released a 

large fraction of that inventory, would represent a serious public hazard. 

The most serious accident involves a double-ended break in the piping system 

between the reactor and the disengagers in the Blanket Processing System (see 

Chapter 14). Since the disengagers continuously scavenge the tritium, the radioactive 

inventory downstream of them would be significantly less than upstream. If no corrective 

actions are taken, the flibe inventory will be pumped out of the system and release any 

volatile radioactive material into the reactor building. If the building were not 

sealed, the radioactive gas would diffuse through the walls and be carried beyond the 

site boundaries and result in radiological exposure to any persons in the path of the 

cloud. 

As calculated in Chapter 10, the only volatile radioactive material in the 

blanket with a half-life long enough to represent a public hazard is the tritium, most 

probably in the form of tritium fluoride. Since the removal of this dissolved gas from 

the flibe is difficult (the disengagers keep the vapor pressure above the salt very low), 

there should be only a slow release of TF to the air. Flibe, as are many salts, is very 

stable and even at the temperature of 800°c will not react to any significant degree with 

air. Thus, there would be no fire; however, if the contact between the air in the. 

reactor building and the flibe is not inhibited in some way, the air will be rapidly 

heated up by the hot ·flibe to a temperature close to that of the flibe, about 800°c. The 

resulting increase in pressure to about 2.7 atm, or 40 psig, could rupture the reactor 

building walls if they were not designed to withstand it. An unrealistic assumption 

would be that essentially all of the tritium is released in a few hours and at ground 

level. 
I 

The atmospheric diffusion factor for a 0-to-8-hour release at ground level is 

0.011 sec/m3 (Fig. 2.3 of Ref. 4). Assuming the whole flibe inventory of tritium, 

0.1 MCi, is in the cloud, the exposure of a person downwind at the site boundary would be. 

1100 Ci-sec/m3 . Using a dose conversion factor of 0.054 rem/(Ci-sec/m 3) (derived from 

Table D.l of Ref. 5), the dose to individuals downwind at the site boundary would be 

60 rem, which is a factor of about twice the 25 rem guideline in lOCFRlOO. However, the 

building containment described in conjunction with the Design Basis Accident should 

reduce atmospheric releases to negligible valves. 

The service consequences of a flibe system rupture would be quite substantial. 

Plant personnel would be subjected to gamma radiation from the 660 MCi of fluorine-18 in 

the flibe, as well as the thermal and mechanical aspects of the accident. The reactor 
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building would not be seriously damaged or highly radioactive,· and it woul.d prol::Jably be a 

question of just cleanup and repair. 

Other. mal~unctions of the Blanket Processing Systems, such as small leaks or 

equipment failures would not represent significant public hazards but could have 

serious. service consequences. If personnel were in the immediate vici~ity of a leak when 

it develope.d, they could be seriously burned .bY the· high temperature (800°C) flibe and 

receive a significant radiation dose. The extent of the burns and the doses would depend 

on the size of the leak, how close . the pers.onnel were to it, and how rapidly they. could 

leave,· or be removed. from, the area. The probability of this event occuring is. very 

small, but the consequences could be serious enough that special precautions and 

procedures would be required whenever personnel entered the areas in which the blanket 

processing system are located. These precau~ions would include ·carefully planning any 

operation~ to be performed to minimize the time in the area, use of protective clothing 

a~d following the "buddy" system. 

If the malfunction were a leak or a reduction in .the flibe flow rate, the 

plant would have to operate at reduced power or be shut down until repairs could be made .. 

If only one or two of the.8 parallel processing systems were involved, .the malfunctioning 

unit(s) could be isolated and the flo~ through the others increased to maintain full 

power operation. If the malfunction were in the tritium recovery portions of th~ system, 

makeup tritium could be obtained from the fuel reserve system, which contains sufficient 

tritium to supply the full burnup requirements for 4 days. 

Coolant Processing System 

The function of this· system, which is also described in Chapter 14, is to 

remove tritium from. the helium coolant in the heat transfer system. It is located in the 

cold leg retur·n from the feedwater heaters to the reactor (see Chapter 11, in particular 

Fig. 11.22). 

1. Normal Operation 

The public and service hazards associated with the normal operation of this 

system are due to the presence of tritium. The methods used to eliminate these hazards 

are similar to those described above for other tritium containing systems. Here the 

problem of tritium diffusion through vessel and pipe walls is greatly reduced because of 

the relatively low.temperature of the system. Most of it is at 66°c, .and the highest 

temperatu:r:e is 2so0 c in a desiccator when it is being regenerated. 
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2. Abnormal Operation 

The public hazards associated with the abnormal operation of this system will 

be significantly less than those of the systems considered above. This is because of the 

smaller size of the system, the lower flow rate of the helium through the system (about 

0.005% of the total helium flow rate) and the lower inventory of tritium in the helium in 

the system. During the regeneration of the desiccators, tritiated steam is produced, but 

the quantity available for release at any given time is small. 

With this system out of service, the tritium content of the main heat 

transport system and the power conversion system would build up. However, this would be 

a slow process, and it is possible that the malfunction could be corrected before it was 

necessary to shut down the plant because of the increased hazards associated with a 

malfunction of those systems. 

Other Major Systems 

The hazards of the other major systems will be considered only briefly because 

the public hazards and in most instances the service hazards associated with their normal 

and· abnormal operation ar~ minor. 

In all critical systems, such as the cryogenic system, vacuum system and 

auxiliary power system, there is sufficient redµndancy of major components that a 

malfuuctiuu uf une of them, or, in the case of the first two systems, several, will not 

interfere with the normal operation of those systems. 

The most serious malfunction of auy of the~~ systems that has been identified 

would be the loss of a significant portion of the liquid helium from the cryogenic 

system. This would result in the superconducting magnets going normal; however, this 

process would be slow enough that the reactor could be shut down and the stored energy in 

the· magnets dumped into the lake in an orderly fashion. There would be a pressure 

buildup in the containment building because of the.vaporization of the liquid helium, but 

this could be relieved by venting through the stack so that the pressure could be kept 

well below the design value. Thus, there would be no adverse consequences to the public. 

The most serious service consequences would be that any personnel in the 

immediate area would receive frostbite injuries and/or be asphyxiated. Here again it is 

believed ·the buildup of helium in the air would be slow enough that the personnel could 

leave the building before. the latter possibility occurred; the "buddy" system would be 

used to assure the evacuation of incapacitated persons. The malfunction would have to be 

repaired, the cryogenic system recharged and the magnet recooled before the plant could 
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be restarted. This would require several days to several months to accomplish depending 

on the extent of the damage and whether the magnets warmed up significantly. 

Design Basis Accident 

The design basis accident was selected as being the credible accident whose 

consequences would be the most serious to the public if the plant design features and 

engineered safeguards were not adequate to reduce those consequences to tolerable levels. 

This accident would not necessarily be the one with the most serious service consequences 

since it is assumed injury to plant personnel and damage to the plant are secondary to 

the safety of the public (this is not to imply that careful design and engineered 

safeguards are not used to the fullest extent to protect plant personnel and the plant). 

The only hazards to the public during normal or abnormal operation of the 

plant are those due to the presence of radioactive materials. Thus, the design basis 

accident was chosen as being the one that could result in the release of the largest 

quantity of volatile radioactive material. As mentioned above, the system meeting this 

requirement is the Primary Fuel Loop, which contains 2.525 kg of tritium. 

Description of the Accident and Its Consequences 

The tritium inventory of the Primary Fuel Loop consists of 0.505 kg in the ash 

cleanup and H-D-T separator systems plus 2.020 kg in the fuel feed reserve tank. Most of 

the latter will be kept in the form of stable metal hydrides, but could be released by an 

intense fire. Since the processing equipment in the Fuel Loop is of very modest size, it 

could probably be contained in a room of perhaps 5 by 6 by 3 meters, constructed as a 

blast- and fireproof vault. All tritium reservoirs can be fitted with double walls and 

fast-acting valves so as to isolate any system failures. 

Nevertheless, the hypothetical loss of the whole tritium inventory to this 

room will be considered. This would raise the pressure by only 0.1 atm and should easily 

be contained, unless the release should cause a hydrogen explosion (but an inert working 

atmosphere or quick flush should prevent this). If, however, the vault were already 

ruptured, the tritium would escape to the reactor building. 

As described below, the reactor will be enclosed in a high quality final 

containment ·shell to prevent further spread of hazardous material. The need for this is 

demonstrated by considering the hypothetical loss of the tritium to the atmosphere. If 

it were released in a short time (0 to 8 hours) and at ground level, the dose to an 

individual 200 m downwind would be 15,000 rem, which is intolerable. If the release were 
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through a 100-meter stack, the maximum off-site dose would be. reduced to 29 rem, 

comparable to the lOCFRlOO guideline of 25 rem. Release through a stack over a longer 

period (which is the most probable case because the driving pressure would be small) 

should reduce the maximum dose to perhaps 5 rem. 

Methods for Minimizing the Consequences 

The public consequences of the Design Basis Accident can be greatly reduced by 

enclosing the reactor and its associated systems in a containment structure designed to 

withstand the worst expected conditions. Such containment buildings are required for all 

fission reactors with few exceptions. Thus, the design and construction of this type of 

building is ·a well developed engineering process. The design pressure for containments 

in existence and under constru~tion are well above the requirement here; for example, the 

design pressure for the Connecticut Yankee Plant is 40 psi with a leakage rate of less 

than 0.1% by volum~ per day. 7 

The leakage rate is a design parameter and could be reduced below 0.1% by 

volume per day if necessary. However, with that leakage rate the initial tritium release 

rate is reduced to 18 Ci/min. For a ground level release, the atmospheric dispersion 

factor is 0.011 sec/m 3 at 200 m (Fig. 2.3 of Ref. 4) for 0 to 8 hrs. and 0.003 sec/m3 for 

8 to 24 hrs. Using these values and a dose conversion factor of 0.054 rem/Ci-sec/m
3

, we 

obtain an integrated dose of 1.25 rem at the site boundary during the first 2 hours after 

the accident. This is well below the lOCFRlOO guideline of 25 rem. During the first 

8 hours, the integrated dose due to tritium is 5 rem; during the next 16 hours the added 

dose would be 2.4 rem, Thus throuRhout tfie first day following an accident, during which 

any affected people could surely be evacuated, the maximum. expected off-site dose would 

7.4 rem. 

Even though it has beeri shown above that the addition of a containment 6an 

reduce the public consequences to tolerable levels, there are additional straightforward 

engineered safeguards that will reduce them still further. The atmosphere control' system 

can be used to remove the tritium. The Connecticut Yankee atmospheric cleanup system is 

designed to reduce the iodine concentration by a factor of about 10 within two hours.
7 



456 

Conclusions and Recommendations 

As a result of this review of the hazards associated with the operation of 

this fusion_ power plant,· it has been concluded .that the plant could be operated without 

any significant hazards to the public or to the plant personnel during normal operation. 

The main~hazards were due to radiation from the reactor and to tritium contained in many 

of the systems. The use of properly designed shielding and the leak-tight, double-walled 

construction for all systems - containing tritium will reduce the consequences of these 

hazards to satisfactorily low -levels below the AEC guidelines given in 10CFR20 and 

10CFR50 proposed Appendix I for light water moderated fission reactors.· 

For most modes of abnormal operation of the plant the hazards to the public 

are not significant, and by the use of engineered safeguards the consequences of the 

worst credible accident can be reduced to below the AEC guidelines in lOCFRlOO. The 

hazards to.plant.personnel are considered to be no greater than those associated with a 

conventional power plant or any large plant using high pressure, high temperature fluids. 

There are .credible malfunctions that could cause serious injury or death to plant 

personnel, but most of those would occur in.areas not normally occupied by personnel . 

. Although the hazards associated with the presence of tritium are acceptable, 

.it is recommended that _work be continued on developing barriers that can be applied to or 

incorpor~ted in_conventional materials such as stainless steel to reduce significantly 

the d~ffusion of tritium through them. It is also recommended that the public 

information effor.t s be continued ~nd expanded to acquaint the public with the fact ·that 

~here are radioactive hazards associated with fusion power. 
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Chapter 17 

Environmental Compatibility 

P. W. Davison* 

Introduction 

During the past five years a number of excellent studies have been made of the 

environmental implications of the construction and operation of fusion power .Plants .. 

References 1, 2 and 3 are several good examples. Use of the studies has been made, 

directly and indirectly, in the development of the assessment.of the plant environmental 

compatibility given in this chapter. 

Following the enactment of the National Environmental Policy Act, NEPA, in 

1969, regulations and guidelines have been developed for evaluating the environmental 

impacts of many types of activities and plants, including nuclear power plants. However, 

it has not been considered feasible to follow these guidelines, except in a general 

sense, in this study because~hey require detailed knowledge of the environment in wh~ch 

the plant is located. 

As a. result of the study described below, it has been concluded that this 

plant could be constructed and operated without adverse imp.acts on the environment .. 

However, if a great many plants of this type were constructed, it is probable that there 

would be some significant conflicts in the use of certain resources beryllium and 

lithium in the flibe blanket;. chromium, molybdenum and nickel in the structural materials 

exposed to high neu~ron fluxes; and, possibly, helium for use in the heat transfer 

system. 

Use of Land 

Plant Site and Exclusion Area 

The plant site plan is shown in Fig. 17.1. In the present design the site 

size has been set by radiological safety requirements (see Chapter 16) because it has 

been assumed that venting of tritium will take place routinely and under certain accident 

conditions. A site boundary distance of 200 meters from the venting stack is needed. 

For a circular site boundary this would require 0.126 square kilometer or. 59 acres. For 

a square site, the requirement would be 0.16 square kilometer or 75 acres. Both of these 

are smaller than many of the modern suburban shopping centers. The proposed site 

boundary radius is 50% greater than the 200 m figure adopted throughout this chapter (as 

is!'iown ~n Fig. 17 .1). This provides an added safety factor. 

* . Westinghouse Electric Corporation 
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Mining Operations 

The mining operations required by the plant fall into two categories, those 

associated with providing the construction materials needed to build the plant and those 

required to provide the fuel and other consumable materials needed to operate the plant. 

In most instances the separation of materials into these two categories is clear-cut. 

However, in the case of the material required for the structure and cooling tubes in the 

breeding blanket, vacuum , wall and radiation shield wa¥1, the situation is uncertain at 

this time. This is because the expected lifetime of this part of the reactor cannot be 

established until radiation damage effects are much better understood (see Chapter 12). 

Aside from radiation damage effects, the design criterion has been for 30-year life, 

which would clearly put the materials in the construction category. However, based on 

design life of 5 

fuel in ·today's 

include the cost of 

the very limited radiation damage information currently available, a 

years _has been selected. This lifetime is comparable to that of the 

fission power plants, and it is frequent practice in those plants to 

the first fuel loading in the capital cost of the plant and that of subsequent loadings 

in the operating cost. .In this case a simil~r practice will be followed. Thus, in this 

section only the materials required for initial construction will be considered. The 

material requirement·s .for replacement of the components due to radiation damage will be 

considered in the sections on Other Con~umables below. 

The materials required for construction are listed in Table 17 .1 ·for ·the major 

structures and components.· The requirements for small components, such as valves, pumps, 

electrical and electronic equipment, have not been.included. The material is identified 

as to the alloy or chemical form required. The associated mining operation requirements 

are indicated by the ore requirements given in Table 17.2. There the individual chemical 

elements are listed without identification as to· structure or component. The values for 

the approximate average yield from the crude ore were obtained from Table III on page 20 

of Ref. 3. The material and ore requirements for consumables are discussed in the 

section on Use of Resources below. 

Waste Disposal 

The use of land for the disposal of wastes from the plant is not expected to 

present significant problems. The non-radioactive waste disposal requirements will be 

comparable to those from an office-type operation with a similar size staff,· about 150 

people. The major consideration will be the disposal of radioactive wastes and, as 

discussed below, m~~t, if not all, of these can be buried within the site boundary. 



Table 17.1 

Materials Required for Construction 

of Reactor and Reactor Building 

Structure Material 
or Component 

Radiation Shield Wall PE-16 

Vacuum Wall PE-16 

Blanket Structure & Tubes PE-16 

Divertor· Vessel & Tubes PE-16 

Divertor Vacuum Manifold 316-SS 

Main Support Structure 316-SS 

Helium Ducts to S.G.'s 316-SS 

Containment Lining Carbon ~teel 

Concrete Reinforcing Bars Carbon· Steel 

Flibe Flibe 

Superconductors 

Concrete Concrete 

Helium-Cryogenic Ile 

Helium-Reactor Cooling He 

Quantity 
Metric Tons 

31 

94 

965 

62 

38 

1100 

3922 

3682 

3900 

6800 

6800. 

32000 

81. 3 

35.7 
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Table 17.2 

Metal Ore Requirements 

Element Quantity Approx. Average Ore 
Metric Tons Yield from Ore · Requirement · 

"' 10 * Metric 'i'ons 

Aluminum 17.3 10 173 

Beryllium 875.2 2 43,760 

Chromium 1,658.2 5 33,164 

Copper 3,2_64. 0.9 . '362; 667 

Iron 11,920.7 45 26,490. 

Lithfom 597.7 5 11, 954 

Manp,'anese 163.5 

Molybdenum 287 .9' 2 14,395 

Nickel ** 1,646.9 1 164,690 

Niobium· 102 .. 2 5,100 

Tin· 34. 10 340 

Titanium 17.3 

.Zirconium 0.6 5 1. 2 

* From '!'able II I, p. 20 of Ref. 3. 

** Includes cobalt as an impurity. 
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The disposal of gaseous and liquid wastes is discussed below in the section on 

Air and ·water Pollution. It would be ~ossible to convert some of these to solid form, 

but this is n'ot considere·d necessary. Here we sha·11 consider only the solid wastes. The 

major source of solid radioactive wastes is the breeding ·blanket and associated 

structures and tubes, the vacuum wall and the radiation shield wall (see Figure 11.1). 

The·material formed in the flibe and depO'sited in it from corrosion ·will be removed on a 

continuous or periodic basis. This material can be disposed of when it reaches any 

a~bitrary volume or level of radioactivity. Th~ structural materialsi 'on the other hand, 

will be removed only after they fail or reach the end of their useful lives, which will 

~e of the order· of 5'years (see Chapter 12). Thus~ these two sources will be considered 

separately. 

The ·radioactivity induced in the flibe a:nd the . structural materials is 

discussed in Chapter 10. The half-lives'of all of the ·radioactive materials produced in 

the flibe itself are ar1 ·short; the· longest being that of 109.8 ·minutes f6r fluorine 18 

a~d the next longest being' 26~9 sec. for oxygen 19. ·secause of their rapid decay, the 

disp6ial of these ele~ents should present no problems.· The only long-lived materials 

will be those corroded from the structural materials exposed to the flibe. In test loop 

experiments during the Molten Salt Reactcir Program the corrosion rite for stainless steel 

was found to be the equivalent of the .re~oval of 1.1 mils·~er year or 0.00279 cm per 

year. This corresponds t~ a removal rate of 1:1 volume percent per year from the total 

structure. 'Chromium is the element that is preferentially removed, and by inhibiting the 

corrosion of chromium the corrosion rate is reduced by a factor ~f 18. 4 Thus, it. is 

kssumed that ~he corrosion products contain 95% chromium and 5% other materials in 

proportion to 

composition of 

their 

PE-16 5 

presence in ·the ·structures; Using this as·sumption and the 

it is concluded 'that the chromium is removed at 6.3% per year and 

the other materials at 0.066% per year. 

The activation analYsis reported in Chapter 10 gives the total activity of the 

blanket, vacuum wall 'and radiation shield wall due· to long-1 ived isotopes (half-lives 

greater than 30 days) as 9000 megacuries immediately following shutdown after 30 years of 

operation at a 75% capacity factor. Using these activities and the material removal 

rates given · in the previous paragraph we obtain the following for activity of the 

material removed by "the flibe during· the ·last year of operation: from chromium, 31. 4 

megacuries, 'from the other materials, 5.6 megacuries or a total of 37.0 megacuries. Of 

this material the majority of' the elements have half-lives less than one year, including 

all of the chromium· (half-lffe, 27.8 days); 1.2 megac~ries of material have half-lives 

longer than one year. 
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The decay power .generated in the corrosion products is rather· modest, and, of 

course, decreases_ after removal from the r.eactor. Thus, while cooling will be required 

for freshly removed material, it.will not be very much. The corrosion pro~ucts removed 

from the flibe will be mainly in the form of oxides and fluorides that have specific 

volumes 2 or 3 times those of the metals. Thus, the volume of waste will be 

approximately 3 times that of the metal rem9ved or 45 cubic meters per year that could be 

stored in 24 fifty-gallon drums. If stored in this fashion, 720 drums would be required 

for the 30-year life of the plant_. This would require .a shielded- vault about ten meters 

square by two meters high. The shielding would be about 2 meters of ordinary concrete. 

The amount of land used by ·sµch a storage.vault· would not have a- noticeable· impact on the 

environment. 

The major po~tion of ~he radioactive waste will be PE-16 structural material 

from ~he radiation shield wall, vacuum wall and breeding blanket. The yolume of material 

and ~ts activity will depend on the lifetimes of these .structures. As discussed above, 

these are -uncertain at _this time because of lack of information on radiation _damage 

. effects, and a tentative lifetime of 5 years has been selected. There is the possib_ility 

that part of these structures can be reused, Another possibility is that the material 

can be-recycled (Ref. 3, p. 18) and reused in .this or another plant. Both _of these 

possibilities would greatly reduce the waste disposal requirements. However, here the 

pessimistic_assumption will be made that the whole structure will have to be replaced on 

a .five=year. cycle - not all of it at one time but on a schedule such as five sectors each 

year for four years and four sectors after the fifth. y_ear_. Since the sectors removed 

.during the first four years would not have their allotted exbosure, they could be stored 

and used as replacements du~ing the last four years of operation. 

I-n the blanket· design given in Chapter_ 11, a 30-year life at a 753 capacity 

factor was assummed, and the corrosion allowance of 0.0_63 cm was based on this. For a 

f.ive-ye::i.r design life, the corrosion allowance·would be one-sixth of that or 0.0105 cm, 

and the volume of the structural material would be reduced by 2.83 x 107cm3 from 

13.75 x 107cm3 to 10.92 x io7cm3 . In.addition, after five years of corrosion,_ the vol_u_me 

would be further reduced to 10.35 x 10
7 

cm
3 

Of this material, 40% is in the form of 

flat plates, and the remainder ,is thin wall (0.079 cm or 31 mils) tubing. Also, the 

expected limitation on design life is embrittlement. Therefore, compaction of.the 

material should present no serious .prob.lems other than that it would have to be done by 

remotely operated equipment, but that would be a relatively ·simple operation. Thus it is 

assumed that the volume of .the compacted material would be no more than 203 greater than 
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the volume of the metal and that during the 30-year life of the plant 6.21 x 108 cm3 of 

material woul~ have to be disposed of. As discussed below, the power developed in the 

material due to radioactive decay is great enough to require cooling; it is about 7 MW 

shortly after shutdown and 600 .kW after one year for a five sector batch and about 2 kW 

for the total 50 years after plant closedown. Therefore, another 10% has been allowed 

for cooling passages to bring the total volume requirement up to 6.83 x 10 8 cm3 . This 

would rHquire a cubical underground vault 8.8 meters (29 feet) on a side with two meters 

of concrete shielding or the equivalent thickness of earth over it. Space for such a 

vault could be fitted into the site plan very easily. Provision would have to be made to 

maintain the cooling for about five years after the plant is closed down. At that time 

the decay power would be about 180 kW (the rate of temperature rise about 485°C per 

year), ·which could be dissipated by conduction and/or radiation to the surrounding 

earth. 

Another category of radioactive waste that· must be considered is tritium. As 

discussed in Chapter 16, all of the systems and components in which tritium is present 

will huve containment systems with cold outer walls to prevent the diffusion of any 

significant quantities ·of tritium from them. In addition, except for the turbines, those 

systems will be located inside a secondary containment, that is, within the reactor and 

steam generator buildings. The atmosphere in the secondary containment will be monitored 

and the tritium levels maintained below the safe levels as specified in 6 10CFR20 or the 

equivalent regulations in force when the plant is operated. This will be accomplished in 

a manner similar to that described in Chapter 14 for removing hydrogenic Hpecies from the 

main helium coolant syRtHm; . the effluent will be in the form of tritiated water. An 

estimate of the activity of this effluent has not been made, but it is expected to be low 

compared to that of the other sources discussed below. Another low level source of 

tritiated water is the flibe processing system described in Chapter 14. The specific 

activity of this water muy be high enough to warrant proceHH.ill~ for recovery of the 

tritium to use as fuel as is done tn the helium cleanup system. In that event, no 

provisions for waste disposal will be required. 

The system that is used to purge the space between the inner and outer walls 

of components containing tritium will be a source of tritium at high levels of activity 

(see Chapter 15). However, the effluents will also have a high specific activity, and 

thus will be processed to recover the tritium. 

The only source of tritium that has been identified for consideration from the 

radioattive waste disposal point of view is the diffusion of tritium from the helium heat 
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transfer system through the steam generator tube walls into the steam system. An 

analysis of this process, discussed in - Chapter 15, concluded that the tritium leakage 

rate would be 6 curies per day for Incoloy-800 tubes in the steam generator or 1 curie 

per day if a copper barrier were built into the tubes. Because of the large volume of 

water in the steam system - the equivalent of 2.40 x 10 6 liters (based on scaling data 

given in Ref. 2 for the Zion nuclear plant) - it would not be worth the processing costs 

to recover the small quantities of tritium (0.6 mg/day). There are three methods of 

approaching this tritium leakage problem. One would be to make the losses from the steam 

system.as small as possible, collect and store the leakage that did o~cur and then, when 

the plant is decommissioned, arrange for the storage or disposal of the tritiated water. 

The second approach would be t'o dilute and discharge· routinely to a body of water the 

leakages and/or an arbitrary fraction of the steam system inventory. The third would be 

to release the leakage to the atmosphere by evaporation and blowdown from the plant's 

cooling towers or by venting steam through an elevated vent. Each of these has its 

advantage~ and disadvantages as will be.pointed out below. 

The storage - approach has the advantage that under normal conditions the 

complete trit·ium inventory- can be maintained within the site boundary with no impact on 

the environment. It also avoids the use of the relatively large quantities of water that 

would be required (see below) if the tritiated water were discharged beyond the site 

boundary. The disadvantages are related to the buildup of the tritium concentration in 

the - system. At the end of one year•s operation at a 75% plant capacity factor, the 

inventory for 6 Ci/ day leakage would be -1640 Ci or 684 µCi/ R.. At the end of 30 years' 

operation at a 75% cap~city factor the inventory would be 24kCi or 10 m Ci/R.·. With the 

copper barrier in the steam generator tubes these quantities would be reduced by a factor 

of 6; however, in the discussion that follows the higher values will b~-used. The 

concentrations given above are high compared to - the allowable levels given _in l_OCFR20-

3µCi/i in unrestricted areas and 100 JJCi/R. in restricted areas - but not excessively- so. 

Care will have to be taken during maintenance of the steam system, but provision can be 

made for draining the system into the condensers and/or a special storage tank. The 

materials in the system will contain absorbed tritium, and special procedures and 

shielding will be needed when working on the components of the system. However, this 

will be true, though to a lesser extent, for the dilution and discharge approach. 

Another disadvantage is that after the plant is decommissioned provision will have to be 

made for stora~e or dispo~al of •the inventory. The storage method is being considered 

for use in curr_en'tly planned pressurized water reactor plan ts 7 for quantities and 

concentrations si~ilar to ours. If an allow~nce of 50% is made for accumulated losses,-
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then the storage volume required would be about 3.6 million liters or less than one 

million gallons, which is not a.n unusually large size _of storage facility. However, this 

would have· to be stored for 145 years . before the concentration deca¥ed to t;he level 

allowed by 10CFR20 for discharge to a natural body -of water; the 

light water reactors in the proposed Appendix I to 10CFR50
8 

is 5 x 

level suggested for 

µCi/R., which 

would require 215 years of decay·.* These decay periods are long, but it is believed that 

methods will be deve.loped in the fiss.ion .reactor waste disposal program that can be used 

for these periods of storage. 

the large quantities of· water 

10CFR20; .or 4.8 x lo
11

1iters 

The dil_ution approach does not appear feasible because of 

required 8.0 x 1~ 9liters or 6500 acre feet to meet 

or 3.9 x acre feet to meet proposed 10CFR50 

requirements. The latter is about three percent of the average daily rainfall in all of 

the United States. 9 

Anoth.er matter that must be considered is the consequences .of the accidental 

release of the tritiated.water .. To handle the event of release in the form of water, the 

plant will be desig~ed to contain the release and provide the means for transferring it 

to thP. stqrage tan!.<. Procedures will be d.evelopec;I for _cleaning up the plant and 

restoring it to ,a safe operating condition~ In the ev.ent of release as steam, it will be 

vented to.the atmosphere. If the release is in the steam generator building, the venting 

will be through a 100-meter stack. The atmospheric dispersion factor at a distance of 

200 m downwind for relea~~ from a 100 m stack under fumigation weather conditions is 

5. 2 x 10-4 sec/m 3 (Fig. 2.1 of .Ref. 10). Thus, for a 24 kCi release, the tritium 

exposure would be 12.5 Ci sec/m 3 The air concentration-to-dose conversion factor for 

t ·t· · 1 7 10-6 ( /. )/( c·; 3 ) (T bl D.l_of Ref. 11) or 0.054 rem/(ci· sec/m3 ). ri ium is . x rem yr p i m a e 

Thus, t;he dose to an individual at the 200 m site boundary would be 0.675 rem. For 

average weather conditions, the atmospheric dispersion factor for a 100 m stack has a 

peak value of 2.1 x 10-5 sec/m 3 at .600 m (Fig 2.2 of Ref. 10). Thus, a more realistic 

maximum dose to off-si.tP. personnel is 0,027 rem. Both of these dosages are well below 

thP. guideline of 25 rem whole body dose· given in lOCFRl00 12 for accidental releases. 

However, if the release of steam occurred in the turbine hall, it would probably be at 

-2 3 
ground level, and at 200 m the atmospheric dispersion factor would be 1.1 x 10 sec/m 

(Fig. 2 .. 3 of Ref. 10). The dose to personnel at that distance would· be 14 rem, which is 

56% of the lOCFRlOO guideline. Because of the uncertainties involved in this dose 

calculation, engineered safeguards will be used to reduce the credible tritium.release. 

The steam system will be ~esigned with stop valves that under any credible steam line 

* This version of the proposed Appendix I has no limitation on the concentration of 
tritium releases except in terms of annual doses to personnel in unrest~icted areas. The 
value of 5 mrem per year for liqui~ effluents was converted to 5 x 10- µCi/£ by using a 
dose .conversion factor of 1 x 10 (mrem/yr)/(µCi/cm3) for internal exposure due· to 
ingestion of tritiated liquids (International Commission on Radiological Protection, 
Committee 2). 
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rupture conditions would limit the release to about 25% of the total inventory. For 

personnel within the turbine hall, the· · do'ses· would be ·s·ignificantly higher (of the order 

of ten times); however; the consequences of ·their exposure to the high'· temperature steam 

would probably be fatal and the radiation exposure of no consequence. Likewise, the 

damage to the plan·t· would be that caused by the steam, and procedures would be used as in 

the water release discussed above to decontaminate the facility so that ·it could be 

repaired and placed back in operation. Neither the long storage· period nor the large· 

end-of-life inventory make this. approach· very attr·active. 

The ·approach of routinely diluting and disposing of the ·tritium leakage into 

the.steam·system has the advantages associated with ·1ower tritium inventories. The 

·equilibr.ium level of the inventory' would depend on the fraction of the total steam··system 

inventory that was discharged per day. In pressurized water reactor plants this 

discharge rate is of· th·e order of 1.5% per day, 2 which in 'our plant would amount. 

3.6 x 10 4liters per ct'ay or· 9500 gallons per day. This would require the treatment of 

to 

like 'quantity of raw water as makeup, but this would pose no significant problems. •The 

tritium con-centration in the ·steam ·system would ·build up until the amount of tritium in 

the discharge equaled·that diffusing into th~ system, that is, 6 Ci/day, which gives a 

concentration of 167 µCi/ JI,. Under these conditions, the tritium in.ven·tory would be 400 

Ci· or less· than 2% of the end-of-plant life inventory considered ·above. The radiolo·gical 

consequences of any accidental releases from the steam system would be correspondingly 

reduced. On the other hand.the tritium concentrations are sufficiently ·high that the 

radioactive mainteiance procedures necessary would not be much less stringent in their 

requirements than those for the no discharge case considered above. 

If the continual discharge is handled by release to off~siLe bodies of water, 

considerable dilution will be required· to reduce the specific activity to acceptable 

levels. If ·a once through cooling system for ·the "condensers '.were used, there would be no 

problem. Scaling from data given. in Ref. 2,· the cooling requirements would be 8. 3· x 109 

liters per day so the tritium concentration would be 7."2 x 10-4 µ·ci/JI,, which is well 

below even the lOCFR50 in · the proposed Appendix I requirement of 5 · x 10-2 'µCi/l. 

However, it is considered unrealistic to assume that many land based sites would exist at 

the time· tliis plant · might be built at which such large quantities of water would be 

available. If the requirement of 10CFR50 in the ·proposed Appen~ix I must be met, 

1.2 x 108 liters per day would be required, which is a large quantity ~ over the life·of 

the· plant (30 Y..e~rs at a 75% capacity factor) 9.·9 x 1011 liters would be required, which· 
·-~( :"·.' . 

is twice that needed for diluting the end~of-life inventory discussed above. However, if. 
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wet or wet/dry cooling towe'rs were used, the quantity of water required for blowdown 

would be of the same o~der of magnitude - the.exact value would. depend.on the quality of 

the makeup water and the atmospheric conditions .. at the plant site; ·thus, it may be 

possible to supplement the cooling tower blowdown with the required additional ·water to 

bring the total up to 1..2 x 10 8 · R-/day into which the discharge from the steam system is 

dumped. The dilution requirement when the plant is decommissioned would be 8 x 109 R-. 

If the 10CFR20 criterion of 3 µCi/R- were used, the dilution requirements would be 

2.0 x 106 R-/day or· 530;000 gallons per day, ,.which would probably be acceptable at many: 

sites. The cooling tower blowdown r.eq11irements .. would probably be greater than this and 

thus. could be used. The dilution requirement at· decommissioning would be 1. 3 x 108 
R,. 

Probably the most satisfactory method of· handling the tritium release would be 

by direct discharge to the atmosphere. One method to accomplish this would be to dump 

the discharge from the steam system into the condenser.cooling system and allow the 

tritium to be carried away with the· evaporative losses from .the ·.cooling towers. However, 

the magnitude nf those losses would depend on the atmospheric .conditions and whether the. 

towers were beine operated in the wet or dry mode. For wet me~hanical draft. cooling 

towers at a site with normally low· relative humidity, the evaporative losses would be 

about 1.4 x 10 8 R,/day .and the blowdown requirements 0.7 x 108 ~/day~~ 3 For 6 6i/day 

discharge the equilibrium concentrations would.be 2.9 x 10-2 µCi/R-, and the blowdown 

water could.be discharged without dilution. Because of the complexity of the analysis 

involved, the annual dose to off-site personnel aue to. the tritium in the cooling tower 

plume has not ·been. calculated. However, it will probably be of the same order of 

magnitude as that calculated below for direct. s·team.release and perfectly acceptable. 

A more direct way of discharging the tritium to the atmosphere would be to 

vent the releases from the steam system through a 100 m high vent. For adverse weather 

conditions, i.e., fumigation, the atmospheric dispersion factor at 200 m downwind would 
-4 . 3 

be 5.2 x 10 . sec/m . For a rele~~e uf 6 Ci/day or 69 µCi/sec, the tri tj_um 

concentration would be 3.6 x 10 4 pCi/m 3 , and the dose to an individual at that location 

would be 61 mrem per full power year or 46 mrem/yr for a plant capacity factor of 75%, 

which is about 2.3 times guidelines given in 10CFR50 proposed.Appendix I. However, for 

average· conditions the atmospheric dispersion factor has a maximum value of 

2· x lo-·6 sec/m 3 at 600 m downwind (Fig. 2.2, 4 to 30 days, Ref.. 10) and the corresponding 

annual dose for a plant capacity factor of 75% would be 0.18 mrem or a factor of about 

100 lower than the proposed guidelines. 
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Use of Resources 

The construction and operation of this plant will not, when considered by 

itself, require a major use of the resources that are expected to be available at that 

time. However, as pointed out in Ref. 3, in the context of a fully developed fusion 

power economy producing 10 
7 

MWe, there ·are expected to be some resource use conflicts. 

Fuel.Supply 

The fuel consumed in operating the plant is deuterium and lithium, both of 

which are in plentiful supply with a minimum impact on the environment. Quantities of 

beryllium and fluorine, in the breeding blanket, will be consumed and will also be 

considered here even though they are not fuel in the strict sense. 

·The deuterium requi.rements will be 352 grams per day of full power operation .. 

At a plant capacity factor of 75% and a recovery efficiency of 99% in the fuel processing 

· system, the deuterium consumption wi 11 be 97. 4 kilograms per year and a total of. 292.0 

kilograms during the 30-year life of the plant. Neither of these will have a noticeable 

impact on the available supplies. A proposal has been made that the plant produce its 

own deuterium and consequently be largely independent of outside fuel supplies. This. 

would ·require of the order of 2500 liters or 660 gal loris o.f water per day, which is. 

negligible in light of the other water requirements of the plant. 

The daily lithium consumption will be 1.003 kg of lithium-6 and 101 grams of 

lithium-7. There are indications that the replacement of. these· materials may not be 

required during the life of the plant; this is because of the large initial inventory in 

the breeding blanket and is di.scussed further in Chapter 10. Nevertheless, they do 

represent a consumption of resources. If the lithium-6 were replaced from natural 

lithium (7.56% lithium-6) at a separation factor of 70% and no other use were found for 

the lithium-7 tailings except the small amount mentioned above, this would require about 

20 kg per ·day of operation or 165 metric tons for 30 years operation at a 75% .capacity 

factor. The latter represents only about 0.1% of the estimated total u. s. production in 

the year 2000 of 10,000 metric tons (Ref. 3, Table IV). 

The beryllium consumption will be 359 grams per day or 2,950 kilograms during 

the 30-year· life of the plant. The latter represents about 0.15% of the estimated U.S. 

annual production of 2,000 metric tons in the year 2000 (Ref. 3, Table IV). The fluorine 

consumption will be 609 grams per day or 5,000 kilograms during the 30-year life of the 

plant, which represents about 2.4 x .l0-4% of the estimated u. S. annual production of 
6 ;·,. . . 

2.2 x 10 metric tons. 
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Other Consumable Materials 

As discussed above in the sections on Mining Operations and on Waste Disposal, 

it appears likely that the radiation shield wall, the vacuum wall and the structures and 

cooling tubes in the breeding blanket will have to be replaced every five years because 

of radiation damage. Thus, the materials used for these structures are considered in the 

category of other consumables .• If it should develop that the lifetimes of these 

structures is significantly longer or that a significant portion of the materials can be 

recycled, then the use of these resources will be accordingly less than indicated in the 

following discussion. 

ThA quantities of PE-1~ ~equired for these structures are given in Table 17.1. 

It is assumed that on the average, one fifth of those quantities are "consumed" each 

year, and that the expected U.S. annual production in the year 2000 will be as given in 

Table IV of Ref. 3. Th.e main elements "consumed" are iron - 63 metric tons/yr. or 

3.5 x 10-5% of produ.ction; nickel - 102 r:ietric tons/yr .. or 2.1 x l0-2% of production; 

chromium - 41 metric tons/yr. or 4.1 x 10-
3 % of production; molybdenum - 9.2 metric 

tons/yr. or 1.2 x 10-l % of production; titanium - 3.4 metric tons/yr. or 1.5. x lo-4 % of 

production; and aluminium 3. 4 metric tons/yr. or 1. 2 x 10-
4 % of production. The 

consumption of ... iron, ?-luminum, titanium and, possibly, chromium should be acceptable. 

However, the consumption of. nickel and molybdenum would be cause for concern and 

emphasize the need for developing methods of recycling those materials if the operation 

of a large number of plants is planned. 

The ot·her .. consumable. matArials needed to operate this plant w:tll be mainly 

similar to and in quantities comparable to those requir·ed by fission nuclear reactor 

plHnts nf this size at that time, The techniques that will be developed during the 

intervening years to conserve those mate:r:.ials will be applicable to this plant. One 

material is somewhat unique to this plarit and that is the larie inventory of helium. The 

high temperat1irA gas-~ooled fission reactors will develop techniques that are applicable 

to conservation of this material and will obtain experience on what loss rates should be 

expected. That information is not available at this time. 

Structural Materials 

The resources that must be used for the construction of this plant are given 

in Table 17.3 together with the expected U. s. annual production (Ref. 3, Table IV) and 

the percent of that production required. Although they are not structural materials, the 

helium inventory and the molten salt, flibe, for the breeding blanket have been included. 
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Table 17,3 

Resource Requirements for Construction 

Material Requirements Estimated U. s. Per Cent of· 
Annual Production u. s. Annual 
In Year 2000* Production 

Metric Tons Metric Tons % 

Aluminum 17.3 30 x 106 5.8 x 10-5 

Berylliun 875.2 2,000 43.8 

Carbon 125.7 1 x 10 5 0.1 

Chromium 1,658.2 1 x 106 0.2 

Copper 3,264. 6 x 106 0.05 

Fluorine 5,327.1 2.2 x 106 0.2 

Heliur:J 117.0 1. 2 x 104 0.98 

Iron 11,920.7 180 x 106 6.6 x 10-3 

Lithium 597.7 10,000 6.0 

Manganese 163. 5 

Molybdenum 287.9 8 x 104 0.36 

Nickel 1,646.9 5 x 105 0.3 

Niobium 102. 9 x 103 1. 1 

Tin 34. 1. 2 x 10 5 0.03 

Titaniun 17.3 2.3 x 106 7.5 x lo::- 4 

Zir~oniun 0.6 

* ·Fr.on Table :·IV·, p;· 24 of Re.f.-.3. 

:. , .. ·· 
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As indicated there, the beryllium, and possibly lithium and helium, requirements will 

represent significant fractions of the expected annual production of those materials. 

Air and Water Pollution 

The plant has been designed to minimize the air and water pollution associated 

with its operation. The pollution has been reduced to what are considered. acceptable 

levels, but as indicated below thermal pollution of the air is not negligible. 

Thermal Considerations 

I~ desiining the plant, the aim has been to obtain the highest thermal to 

electrical conversion efficiency consistent with the guidelines for the study, such as, 

the use of current state-of-the-art technology and use of helium coolant. As presented 

in Chapter 11, the net conversion efficiency is 38.3%, which means that of the total 

reactor output, 5305 MW of thermal power, 3275 MW is not converted to sellable electric 

power. Some of this power can be used for productive purposes such as heating and air 

conditioning in the plant. However, the bulk of it will appear as thermal pollution. It. 

is planned to use wet-dry type cooling towers for dissipating the heat from the turbine 

condenser cooling water. Also a portion of the ot"her "waste" power is consumed driving 

electrical motors and equipment. Therefore, essentially all of the 3275 MW ends up as 

thermal "pollution of the air. This level of thermal pollution should cause no problems 

for many plant locations but must be-taken into consideration in selecting the plant site 

for example, for a site in or near a high population density area, this level of 

thermal pollution may be objectionable to the nearby residents under certain climatic 

conditions. The use of wet-dry cooling towers would ~liminate the vapor plume that is an 

objectionable feature of the wet cooling towers ·under certain weather condi~ions; this 

would, however, result in a slight r_educt ion in turbine performance because of the higher 

condenser back pressure when operating in the dry mode.14 

Radioactivity 

As discussed in Chapter 16 and earlier sections of this chapter the plant will 

be designed to eliminate the discharge of radioactive materials beyond the site boundary 

during normal operation of the plant. It is also planned to store the radioactive wastes 

within the site boundary except, possibly, for the tritiated water wastes. In the latter 

case, those wastes will be diluted to low enough levels of activity s6 that they will not 

be pollutants. 
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Chemical, Sanitary and Other Considerations 

The pollution of the air and water caused by this category of potential 

pollutants will be essentially jdentical with that caused by fission power plants of a 

comparable size. Techniques and procedures to minimize this type of pollution are being 

developed. This plant will take full advantage of the state of the art in this area at 

the time the plant is built. 

Environmental Consequences of Accidents 

In the discussion of hazards associated with the operation of the plant given 

in Chapter 16 many of the environmental consequences of accidents were included either 

explicitly or implicitly. The significant consequences from the environmental point of 

view are the release of tritium. The consequences of a steam line rupture are discussed 

above in the section on Waste Disposal. As shown in Chapter 16, the rupture of one of 

the main helium ducts in the heat transfer system could lead to a release of 70,000 Ci of 

tritium with a resulting dose of 2 rem to an individual 200 m downwind under adv.erse 

.<fumig.ation) weather conditions. 

guideline for accidental releases. 

This dosage is a factor of 12.5 less than the lOCFRlOO 

If the concept ·proposed above for .on-site storage of radioahiive wastes is 

accepted, it will not be necessary to transport to or from the site any radioactive 

materials except the tritium required for initial startup. It is believed that the 

tritium transportation can be made accident proof. Therefore it is concluded that there 

will be no adverse effects of transportation accidents. 

Conclusion and Recommendations 

As a result.of the considerations presented above, it has been concluded that 

this plant can be constructed and operated with no significant adverse environmental 

impacts. However, if a large_ number of plants of this design were to be built th.ere 

would probably be problems with regard to the availability of certain resources - namely, 

beryllium, chromium, lithium, molybdenum, nickel and possibly helium. Therefore, it .is 

recommended that techniques be developed for recycli.ng these materials. If the radiation 

da~age resistance of the materials for the radiation shield wall, vacuum wall and 

breedin~ blanket can be significantly improved, the requirements for chromium, molybden~m 

and nickel will be accordingly reduced. 

It. has been concluded that the tritium release in the event of a ste~m ~iPJ 
( 

break is· acceptable; however, it would be desirable to reduce the le~els of tritium in 

the steam system. Thus, it is recommended that studie~ be continued on developing 

tritium barriers for use with steam generator tube materials. 
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. Chapter l~ 

Operatio.nal Procedur~s 

K. C. Sokoloskf and.J. File 

Intro.duct ion, 

In .this chapter, we describe the sta~tup and shutdown of the reactor under 

various conditions. The initial startup procedure is first described. This is followed 

by a description of operation at reduced power and the normal shutdown procedures. 

Short, intermediate and long term shutdowns are defined and discussed. Finally, we cover 

emergency shutdowns and·methods of restoration of service after all shutdowns. 

Emphasis is placed on those parts of the power pl~nt, especially the nuclear 

island, that are unique to a fusion reactor. The conventional components such as the 

steam plant and electrical plant are described in more general terms. 

Initial Startup 

Preparation for Power Production 

The first step in the initial startup procedure is to prepare all systems for 

power proquction. 

components .. 

The subsequent sections describe this ,process for the various 

Upon comp let ion .. of constru.ct ion. and component tests, the r~actor is ready to 

produce saleable electric ·power. All. comp.onents are started a.nd operated simultaneously 

for the first time. The initial startup procedure is described below. 

Vacuum System . 

The vacuum system, described in .Chapi;er 6, must be among the first components 

to be operated. In addition to the vacuum required in the reaction vessel, the vacuum 

jackets of the Dcwnra cnclocing the superconducting coils. must be leak checked and 

evacuated before the cooling and energizing of the magnets is attempted. 

It is assumed that all vacuum leaks have been located and repaired during the 

.component test phase. The initial pumpdown is accomplished by special forepumps. This 

operation is continued . until th~ pressure in both the Dewars and the reactor vessel is 

about 5 torr, At this point .the mercury ejector pumps and the refrigerator baffles are 

actuated. When the pressure has dropp~d to 0.1 torr, the mercµry diffusion pumps and 

their £Qld traps ~re. actuated. The evacuation continues until the pressu~e is in the 

10-4 torr range. At this time the pressure is sufficiently low to operate the Dewars, 

but further conditioning of the reactor vessel is required. 

477 
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Further preparation of the reactor vessel is accomplished by deuterium 

discharge cleaning. The deuterium gas is ionized by energizing the appropriate group of 

poloidal field coils. The discharge cleaning process will continue foi a period 

estimated at 12 to 24 hours. Poor confinement of the plasma during the discharge 

cleaning is necessary so that the ions bombard the wall and, in addition, pass through 

the divertor throat in.to the exhaust chamber. This assures proper "scrubbing" of the 

walls. 

'·During the discharge cleaning process the thr9ughput will approach its normal 

operating value. At this time ·the forepumps will be replaced by the ·multistage 

compressor in the primary fuel ·1oop that is described in Chapter· 14. 

Mer6ury is deposited on the liquid nitrogen cooled traps at the rate of 

lmm/year~ About once· a year, therefore, at an appropriate maintenance shutdown, ·the 

traps are warmed to reevaporate the mercury. 

Whenever the reactor suffers a loss of vacuum, or a breakdown of the pumping 

system, subsequen·t restarts are accomplished as described above. 

Cryogenic.System 

Once the Dewars have been evacuated; the refrigeration system, described in 

Chapter 13, can be started a~cording to manufacturers' instructions. When the Dewars and 

the ·cooling system reach a temperature of ·10 K or less, cryopumping will be adequate to 

maintain-the vacuum in the Dewars at 10-5 torr or less. 

The magnets are. cooled down to ope.rating temperatures according to the 

procedure described in Chapter 13. The cooldown period is about 220 hours. After the 

magnets attain operating temperatures, and are ready to be energized, the two spare 

refrigerato·rs are returned· to their standby roles· (see Chapter 13). The· operating uni-ts 

·are chosen manually. A reservoir of liquid helium is available foi makeup of loss~s. 

This reservoir is replenished from the helium ash produced by the D-T reaction, or from-

'outside sources if ·necessary. · 

Magnetic System 

When the· magnets achieve the operat·ing tempe·rature of iO K, the magnet coils 

described in Chapters 8 and" 13' are ready 'to be energized. The first coils to be· 

ene.rgized will be the 48 toroidal field "D'' coils. These are energized separately with 

individual po~er supplies as ~escribed in Cha~ter 13. the energ{zing process lasts about 

three ho"urs. ·, · · ·· 

I 
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The control, divertor, vertical field and ohmic heating coils, though ready to 

be energized, will remain on standby until initial ignition occurs. Their operation is 

fixed by the operating fuel cycle described in chapter 5. 

Auxiliary Preheat System 

At initial startup, the temperature of three reactor components· must be 

raised. To accomplis·h this, two oil-fired, aux.iliary boilers, each rated at 75,000 lb 

800°F and 200 psi, are actuated. Fig. 18.1 shows the auxiliary heating system and its 

circuits. Heat is added to · the flibe tank with the ·helium ~ircuit in order to melt the 

solid flibe whose melting point is 680°F. When melted, the flibe circulating equipment 

can be started. This same circuit is used to heat the blanket and.shield tubes. 

The second.peed for the auxiliary heating system is to drive one of the steam 

driven boiler feed· ·pumps. This is required during cycle startup and until sufficient 

flow is produced in the main steam generators to maintain its own operation. 

Finally, the auxiliary boiler is used to ·supply steam ·to an auxiliary steam-

helium heat exchanger. The circulating helium attains a· temperature of 750°F. 

Blanket and Heat Transport Preheat 

The flibe with flibe storage tanks, the blanket, and shield system, all of 

which were previously purged with he,lium gas, must be brought up to operating temperature 

prior to ignition. This is done with· the auxiliary boiler described above, Flibe melts 
0 0 

at 680 F and has a heat capacity of 0.56 Btu/lb F. While the flibe is being raised to 

operating temperature, the hot h.elium is used to preheat the entire heat transport 

circuit. The tubes, pumps, heat.~xchangers, ~tc., in the fiiit wall, ~lanket and shield 

system are all heated to a temperature above the melting point of flibe, so that when the 

flibe melts, it can flow throughout the system without solidifying at cold spots. The 

system here described assumes that at initial startup, or subsequent startups, the flibe 

is ·accumulated in the flibe storage tank. 

Fuel Processj.ng 

The detatls.of fuel processing are contained in Chapter 14 (Fuel Handling). 

Their application to reactor operation is the ~ubject of this section. 

Prior to' ign~tion of the reactor approximately 0.5 kg of 40% deuterium and 60% 

tritium liquid mixture will be added to the primary fractionator and vaporized under 

conditions of total reflux. This recycling readies the fuel processing system for full 
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duty at the time of reactor "firing". In normal operation, the deuterium- tritium-argon 

liquid collecting at the bottom of the primary fractionator overflows to a storage tank 

where it is analyzed for comI>ositio.n adjustment en route to. the pelletizer. 

When ignition occurs and throughput plasma is to be processed, two compressors 

will receive the gas from the mercury diffusion pumps and discharge it at 10 atmospheres 

through precoolers, using 70 K helium frqm the cryogenic system as the cooling medium. 

The ·gas will be cooled to 80 K before it enters the primary fractionator. Since the gas 

will be superheated with respect to conditions within the fractionator, the argon will 

condense and combine with the droplets of deuterium and tritium in the returning 

counterflow from.the condenser. The mixture of argon, deuterium and tritium will then 

pass to a storage tank, pelletizer and ultimately to the injector. During this process a 

sma.11 quantity of the .through gas constituents that do not condense in the primary 

condenser will be drawn into the cyclic. condenser (one of twenty-four used 

intermittently) where the hydrogen, deuterium (trace) and tritium (trace) will 

crystallize and be collected in a receiver. The cooling medium for the cyclic condenser 

will he 10 K helium. The helium (ash) portion passing through the cyclic condenser will 

either remain as a gas and qe returned to the main helium coolant loop along with trace 

quantities of non-condensed tritium, deuterium and. hydrogen or., after cleansing by 

oxidation and drying, will be added to the cryogenic helium storage tank. 

The crystallized solids in the cyclic condenser, consisting of deuterium and 

hydrogen with trace amounts of tritium, ~ill be collected in a receiver as liquid and 

processed through a secondary fractionator for removal of the hydrogen. The deuterium 

and tritium will be returned to the primary fractionator at 33 K as a partial makeup 

component to the fuel processing cycle; the hydrogen will be catalytically oxidized to 

water and impounded to prevent tritium escape to the environment. 

Ste.am Cycle Startup 

As for any other.once-through supercritical cycle, the reference design unit 

will require a supplementary startup mode to condition it for high-temperature, high

pressure operation. Since our steam generators will use helicaily wound tubing for the 

heat transfer s_urface of the supercritical coil, no distinct separation will be noted 

between the so-called furnace section, primary superheater and secondary superheater. 

The absence of d~vision valves between these sections will require a slightly different· 

startup procedure than is currently practiced on boiler-type fossil units. In essence, 
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our design ·will not bypass the superheaters .during startup, but instead wili use the 

entire 'supercritical coil to heat the fluid before it 'enters the ·flash tank. 

Basically; the supercritical cycle startup procedure will fuffill three 

objectives: fiist, ii·will provide for a cycle cleanup operation whereby a circulation 

flow.wil'l be established through the polishing system and a11 · components of the cycle; 

second,. it will provide for a temporary drum, referred to as the .. flash tank, that will 

allow fcir. circulatiCin 'as well as separation of steam"·and wate"r during the warm-up period; 

and third, ·it will provide for' a' smooth transition from ·subcritical tci. supercrit.ical 

operation. 

With reference to Fig. 18.2, Cycle Startup, "the following sequence cif startup 

events can· be expected: 

l. A 30% flow ( 4. 2 mil Hon pounds per· hour)· will be established at 500 psi 

through the polishing system, feedwat"er heater·s, pumps, coolers·; steam generators, flash· 

tank and hotwell. The cleanup operation will: continue· until inlet water to the steam 

generators becomes ··1ess than one micromho ·in conduct"iv-ity. 

2. Preheat may be supplied to the steam generators from auxiliary· boilers. The 

ultimate· rate of water temperature increase will be set at approximately l00°F per hour. 

3. When the temperature . of. the fluid entering the flash tank reaches 300°F at 

500 psi, the high pressure circulation "from the boiler feed pump through the steam 

generators ~ill be increased to 3500 psi. This will be achieved by control of valve 102. 

Simultaneously the fl.u"id temperature·wil1 be increased to 400°F.' 

4. Since the high pressure cy~le fluid conditions will have increased in both 

temperatur·e ·and pressure, ft will be important to monitor continuously the conductivity. 

One micromho wi 11 be the upper limit. 

5. Assuming favorable wate·r conditions; the :next 'step wil1 "·be designed for heat 

recovery optimization in the high pressure cycle. This will be achieved by closing the 

141 valves and directing flash tank drains .to the deaerator via valve 130. In doing so, 

the heat normal!~ lost to the condenser Will be retained in 'the ·deaerator, and the 

overall startup time will be shortened. 

6. When the flash tank pressure increases· to 200 ·psi, valve 105 will be operied to 

supply. warmup steam 'to ·the turbine piping. Disch'arge flow will pass through valve 110. 

7 .' At thi'.S point, the flash tank. pressure wi1·1 ·be ,controlled at .500 psi. Excess 

pressure will be relieved via valve 142, and the steam will be· directed· to No. 1 

feedwater hea.ter ·for heat recover·y. 

8. The turbine will be rolled at 500 psi (saturated temperature) by steam from 
;1""" •• :; ' •• ~· .•. '.' 

\ 

the flash tank. Valve 105 will be the control element. On a cold start it will be 
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customary to increase the turbine speed to 2400 rpm and then allow for a two-hour 

stretch-out period. During this time the flash tank pressure will be increased to 1000 

psi. Valve 1·20 will continue to regulate flash tank overpressure into No. 1 feedwater 

heater; however, ~ts new setpoint will be 1000 psi. The turbine-generator will be phased 

at 3600 rpm and 1000 psi, resulting in a 5% output. The turbine control valves will be 

wide open on full arc admission via stop valve bypass. 

9. At this juncture it will be necessary to transfer from the flash tank steam 

supply to the once-through· steam generator output. This will be achieved harmoniously 

when the fluid conditions at valve 102 are 780°F at 3500 psi, resulting in ~n enthalphy 

of 1193 Btu per pound. The saturated steam enthalphy from the flash tank will also be 

1193 Btu per pound· at operating pressure of 1000 psi.· Consequently, the main steam line 

bypass valve 100-2 will·be opened slowly to pressurize the turbine steam lines at 3500 

psi with no attendant temperature excursion. Valve 100~1.will then be opened. 

10. The turbine-generator load will be 25% due.to.the throttle pressure increase. 

This represents the upper load limit on turbine bypass. control, and all adaitional 

loading will result from partial opening of the throttle valves in the main turbine.line. 

11. From this point on, the once-through cycle will support all load increases 

independent of the flash tank. Valves 102 and 105 will isolate the flash tank from 1 

active service. 

12; Steam temperature will be adjusted to. l000°F by utilizing the temperature of 

the ·helium 'entering the steam genera-tors• The throttle ·pressure will be adjusted by the 

speed of the boiler. feed pump. 

Power Production 

When all the systems. have been brought to operating temperatures and 

pressu.res, we must now begin to produce power. 

process. 

Ignition 

The subsequent sections describe this 

Ignition and discharge current interruption procedures must be carried out 

once in every 100-minute cycle due to the volt-second capacity of the control ~ield 

coils. This procedure has been discussed in detail in Chapter 5 from the viewpoint of 

the plasma dynamics problems. Comments here will be limited to discussions of procedures 

that effect this cycle of operation. 
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The ignition sequence will begin when· .the .base pressure in the device is 

measured to be equal to the required ignition pressure. In addition, spectroscopic 

analysis of the gas· in the· pump discharge line will be used to determine that the.proper 

atomic composition, (i.e., ·sufficient1y·1ow.impurity level) has been obtained. In the 

event that either of these criteria cannot be met, ignition· delay will.be initiated and 

pumping continued to attempt to provide adequate ignition.conditions. The maximum delay 

time permissible is about 100 seconds. .It is determined by the maximum temperature drop 

tolerable in the molten salt blanket. If at this time the.ignition criteria still have 

not been met, ignition abort procedures are initiated. This requires load tripout and 

the input of sufficient energy to the blanket via the helium circulators to balance the 

heat · loss from the blanket to· the containmen~ area. In this manner the blanket 

temperature may be maintained to allow a diagnostic period of approximately 30 minutes in 

which to locate the source of difficulty. During this time, energy must be drawn from 

the grid or auxiliary supplies to maintain station requirements. At the.end of the 

30~minute diagnostic period, fa~lure to achieve the ignition conditions requires plant 

shutdown, which is described below. 

Under normal circumstances, the ignition sequence is neither delayed nor 

aborted. The fi'rst step in·the ignition sequence is to fire the breakdown oscillators so 

that the gas charge is weakly preionized. The preionization state will be verified by 

spectrosco~ic means. Failure of the breakdown oscillators will force ignition delay and 

possibly even igni·tion abort, previously described. ·Five thousand megajoules of stored 

energy are now delivered to the · poloidal coil systems, inducing a 14.6 MJ plasma 

discharge current in ·about 13. seconds. The reactor is now .in the armed. state, and 

ignition failure at this point represents a serious threat of major component damage. 

The transition to full power is achieved in 10 seconds through the use of 8 MW of 

supplementary heating power. The burning cycle continues for 97 minutes at which time 

interruption occurs by using fuel ~eed· control and the vertical field coils to shut dowri 

the discharge as described in Chapter 5. · 

After ignition .it is necessary ·to maintain control of the discharge for the 

entire 97-minute burning time. ·Loss ·of control of the discharge may result in the 

melting of a cooling tube in the radiation shield. The probability of such destruction 

upon loss o:r: <..:Ont:rol. fs essentia1ly ·not known at present. 

The ignited discharge contains about 1 GJ of thermal energy. About 1 GJ of 

magnetic energy must be dissipated by the plasma if the discharge current were to be 

interrupted suddenly in an uncontrolled manner. If the time scale for interruption of 

the discharge is a second or so, and if the energy is spread uniformly over the radiation 



486 

shield, no harm to ·the radiation shield is anticipated since its normal thermal load is 

about 1 GW. A sudden deposition of 2.GJ uniformly throughout the mass of the radiatio~ 

shield would result in a temperature rise .of _approximately 120°c. A sudden deposition of 

2 GJ uniformly over the.surface of the radiation shield would. surely melt the exposed 

surface, but the full consequences of such surface melting is not clear. No more than 

about 10 microns of metal could be evaporated by. such an event. However, non-uniform 

deposition of 2 GJ· on time scales appreciably less than 1 second can clearly lead to 

extensive rupture of one or more tubes in the radiation shield. Such an even.t 

constitutes the most serious service hazard, the consequences of which are discussed in 

the section on rupture of a helium coolant line in Chapter 16. 

In view of the above possible consequences, we adopt the position that loss of 

control of the discharge during the burning time will result in a reactor shutdown to be 

carried out automatically. 

·This is the equivalent of what· is known as "scram" in the operation of fission 

power reactors. When this occurs, load dropout will be requir~d, and energy will be 

drained from the blanket. 

Frequently, load demand on the major producing elements of a utility are 

substantially less than the desigp load. Though detailed studies have not been made, if 

operation· is at reduced plasma power. levels,. preliminary considerations indicate that the 

plant could. be reliably operated at outputs as low as 30%. This comes from knowledge 

1 that the.plasma po""'.er output is highly sensitive to plasma density,.impurity and tritium 
...... 

' ,, 

content; each. of these provides a strong con~rol mechanism. There is an alternate that 

one may consider, and ·that is to provide· auxiliary energy us.age to absorb off-peak ,power 

and subsequently deliver it at times of peak demand. 

Current Interruption· 

The normal operating cycle, which is described in Chapter 5, consists of a 

100-minute cycle in which there is a three-minute period called the curr.ent interruption. 

During this interruption, the plasma current is extinguished, the. vacuum vessel is 

cleaned, and reignition of the plasma occurs. To maintain the electrical power output of 

the plant uniform, thermal. -power is withdrawn from the flibe located in the reactor 

·blanket and storage tanks. This results in a lower.bulk temperature of the fliqe. ., . - ~ . It is 

desired to have a constant helium temperature at the outlet of the reactor. This is 

accomplished by increasing the flibe flow rate as the flibe temperature drops. 
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In Chapter. 11 it was shown that the heat transfer coefficient for the flibe 

varies as the 0.6 power of its velocity, a relationship that allows for reasonable 

compensation for the power shutdown. 

During the next burning pulse the flibe temperature is returned to its former 

nominal value, with a corresponding return to the normal ·flibe flow rate. This is 

accomplished by operating the reactor at a thermal power slightly in excess of nominal 

full power. 

At maximum output, the thermal energy required during the current interruption 

is 95.49 x 10
10 

joules. The power produced in the reactor during this cycle is shown in 

Fig. 18.3. The pJasm~, .furni.Rhf!R 4.10 x 10 10 joules during reig-nition. Also, in the 

interval between shutdown and reignition, the decay heat (see Chapter 10) supplies 

10 . . 10 . 
2.45 x 10 Joules. The remainder, 79.92 x 10 Joules, must be supplied by the flibe. 

As a compromise between minimizing the quantity of flibe required as well as the thermal 

transients in the flibe system, a temperature reduction of 5o0 c was selected. The heat 

capacity for fiibe is 2.35 joules/gm0 c (see Ref. 7 of Chapter 11). These parameters 

indicate that the flibe requirements are 6800 metric tons. The blanket, the pipes and 

flibe processing system contain 2200 metric tons; thus an additional 4600 metric tons of 

flibe must be used. The additional flibe is stored in eight tanks, 7.5 m in diameter by 

7.5 m high, located in the return path from the flibe processing system to the reactor. 

During the shutdown and reignition period the temperature difference between 

the bulk flibe and the cooling tube walls will have dropped from the nominal full value 

of 120°c (see Table 11.7) to 7o0 c. In order to keep the heat flux through the cooling 

tube walls constant, and thus the helium outlet temperature constant, the flibe flow 

ratio io incrcuocd by ubout 2.5 times the previous rate, 

The flow rate variation will be accomplished with a closed loop control system 

that automaticalli adjusts the flibe flow to maintain a constant helium outlet 

temperature. We restore the 79.92 x 1010 joules removed from the flibe during the cycle 

interruption by operating the reactor at 133 MW above nominal full power during the 97 

minutes burning pulse. The thermal output of the reactor is therefore 5438 MW instead of 

the: nominal output of 5306 MW. 

Tran~fer of PowP.r to Grid 

When the turbine achieves the speed of 3600 rpm, phase synchronization takes 

place in a conventional manner. That is, the phase of the generators is synchronized 

with the phase in the transmission line. At this point, the breakers are closed, and 
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.Fig. 18.3 Thermal power produced in the 
reactor during the cycle interruption . 

• 
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proper loading of the plasma and steam flow increase occurs. 

described below, then takes place. 

Load follo~ing, as 

Operation at Reduced Power 

When .the reactor is delivering power to t.he grid" it will then follow load 

demands made by the customers. The following sections describe how a fusion power plant 

reacts to load variations and the minimum.'power demand. 

Load Following 

Under certain conditions, there will be large fluctuations in the load, 

sometimes at rates in excess of 100 MW per minute. In all eventualities the reactor and 

the turbine-generator system must react harmoniously. 

The turbine-generator system with its peripheral subsystems is conventional. 

Its load following and lag characteristics.are controlled by adjusting the helium and the 

steam flow rates so that fluctuation of steam pressure and temperature is minimized. The 

characteristics of the control system are generally the same as. other systems of this 

type. 

The response of the nuclear island and subsystems to variations in lo.ad is 

probably less difficult to achieve than in the conventional part ·of the plant. The 

plasma can be completely extinguished in about 20 seconds. 

rate in excess of 5% per minute can easily be attained. 

Therefore a load following 

Though not completely explored, there are several ways, either individually or 

in combination, by which quick, effective load following controls can be incorporated in 

the design of the reactor. They include: 

a) The composition of the fuel can qe changed, i.e., the deuterium to tritium 

ratio and the amount of argon. 

b) The rate of injection of the pellets can be changed. 

c) Since the output power varies as the fourth power of the plasma current, 

the power can be changed slightly by changing the current in the vertical 

field magnets. 

Minimum Load 

Ordinarily, minimum ioad operation occurs either from reduced load demand from 

the grid or from op~rating conditions, such as failure of one or more superconducting 

toroidal field coils. 
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It has been shown. in Chapter 13 that the reactor can be kept on line with as 

many as eight toroidal field coils being inoperative, provided that the eight coils are 

approximately evenly spaced around the torus. This kind of reduced operation puts an 

absolute limit on the power output. Under the above conditions, for example, the reactor 

would be capable•of producin~ only 1000 MWe. When operating .condi'tions inhibit full 

power output, management must .decide when the reactor is to be taken off the line and 

repaired. 

On the other hand, day-to-day power fluctuations due to load demands are 

handled by the operators with the load following techniques described above. When the 

power output is between 30 and 35%, the limit of turbine operation is reached. At this 

point, one of three general steps can be taken .. They are: 

a) Tµe station can be taken off the grid. 

b) Part of the turbine generator plant can .be shut down while the other works 

at higher output; 

c) The station can continue to operate at·a daily high o¥tput~ storiri~ the 

energy in an energy storage device, to be used.when ~he load demand become& 

higher. 

Shutdowns 

During the opera·ting ,1i.fe of a .reactor, the "·plant will be shut down from ·time 

to tim~ for various reasons. In most cases .the ·shutdowns· wi-11 be· norma'l, . due. to 

maintenance schedules~ minor equipment failures, or large load variations. In some 

cases, however, there· will be emergency shutdowns- by "scram" conditions or major 

equipment failure. Shutdown procedures are described below. 

Normal Shutdown 

Normal shutdowns.are broken down into three classes: 

a) Short term shutdown; a·shutdown of.12 hours duration, or less. 

b) Intermediate term shutdown; a shutdown. of more than 12 hours but less 

than about 3 days duration. 

c) Long term shutdown; a shutdown of more than 3 days. 

Short Te.rm Shutdown 

In a short term shutdown,. we· attempt to keep all systems, except the system 

that requires repair or maintenance, at operating pressures and temperatures. .The 
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refrigerators continue to operate, and all toroidal field magnets remain energized, The 

plasma ignition and the fuel systems are kept on standby awaiting a restart. 

When· restartin~ from a short term shu~down, one begins fr6m the power 

production point and continues·with the startup procedures at an accelerated rate, 

Intermediate Term Shutdown 

Iri an intermediate term shutdown, we accomplish repair 

those components that need the complete shutdown of the steam 

approximat~ly 3 day~ io~ the equipment to cool sufficiently for work. 

and maintenance of 

plant. It takes 

The refrigeration 

system continues to operate, and the toroidal field coils are not de-energized unless it 

is deemed necessary t"o do so. . Unaffected components are kept in a warm condition, if 

they can be properly isolated. 

When a restart is required, those systems that have been maintained or 

repaired will be started according .to. the initial startup. inst~uctions .. Those components 

that have been· kept at operating temperatures are restarted according to the power 

production instructions. 

Long Term Shutdown 

Any interruption longer than 3 days would be a complete shutdown of all 

systems. The only exception might be the refrigeration system. If no repair or 

maintenance of that system were contemplated, and if the shutdown would be less than 30 

days, then the refrigeration system should maintain all magnet coils at operating 

temperature (10 K), even though the magnets are de-energized. 

When the reactor is to be restarted, the procedure used is that described in 

the initial startup sections. 

Emergency Shutdown 

The power plant will automatically shut down if any one of a number of 

emergency conditions occurs. The shutdown may be tr:i.gg_ered by _a failure of either the 

conventional part of the plant, or of the nuclear i~land. The consequences will be the 

same, plant shutdown, though the sequence of events may be different. 

If a failure of any of the steam generating plant, the turbine plant or the 

generating plant-causes one of those systems to shut down,. then all systems affected will 

be shut· down and the plasma extinguished, The flibe' system will either be shut down or 

maintained at operating temperatures by the auxiliary boilers depending on how long the 
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shutdown wi11 last. 

ignition system. 

'fhe same is true of the magnet system, the vacuum system,. and the 

If a significant failure of part of the nuclear island takes place, then ·the 

conventional part of t~e.plant will be tripped, out in a conventional manner, and, if 

required, the affected parts will be taken out of service. 

If the flibe system is affected, the salt is returned to the 

allowed to freeze. If the magnets or cryogenic systems fail, 

de~energized as described in Chapter 13. 

storage tank and 

the magnets .are 

The control sy~tem provides a proper sequence of plant shutdown automatically 

when any one. of the faulty devices trigger the sequence. 

The length of the shutdown will depend on the emergency. Restart procedures 

will depend on the length of shutdown. as described above. 



Chapter 19 

, Maintenance, Repair and Overhaul 

T. A. Coul_tas* 

Introduction 

This chapter will outline some of the maintenance criteria and the repair and 

overhaul situations that are envisioned to occur with the tokamak reactor. The design 

status of the reactor is not such that it is possible to write detailed instructions and 

maintenaI1ce manuals for each, or even any, component of the plant. Instead, some of the 

maintenanc~ problems will. be indicated-and how maintainability has been designed into the 

reactor. Some of the more obvious majntenance associated with conventional systems will 

be related as well as some of the procedures td.be used to assure adequate reliability of 

the plant and determine possib~e maintenance difficulties. The maintenance goals of this 

preliminary design are to develop the maintainability criteria, identify the foreseeable 

significant maintenance _actions, tools and facilities that must be included in the 

design. 

This predominantly base-load plant will have as its design goal a 200,000 hour 

life and an availability factor. of 85%. These goals will be met by quality-control 

techniques applied through all stages, from preliminary design to construction and 

operation. These standards, controls, etc., are discussed in Ref. 1. Other standards in 

preparation and which may be applicable to this reactor are referenced there. 

Segmentation 

For maintenance· purposes the reactor has been divided into 24 toroidal 

. segments. Each segment will. have, two toroidal magnets. By segmenting the reactor, 

malfunctions occurring can be located by diagnostic techniques and only that portion 

removed and replaced with an entirely new segment. Thus, the reactor downtime will be 

considerably reduced compared to dismantling the complete reactor. In this segmentation 

scheme, some of the problems that n~eded to be considered were: the final closure of the 

fluid systems and vacuum wa~l, segment removal, moving magnet coil segments sufficiently 

out of the way to remove. a segment, and shield segmenting to prevent radiation streaming 

through the opening. Each of these features will be discussed later. 

Dlve:cLu:c 

The divertor manifold is located .outs~de the blanket and shield .and is 

accessible for contact maintenance when no power is being produced. Material enters the 

* Argonne National Laboratory 
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divertor exhaust chamber as neutral gas' atoms with energies of less than 1 eV. ·No 

radiation or surface bombardment effects are expect·ed. The only dangers envisioned are 

those radiation haz·ards due to tritium gas that has permeated the metal walls and remains. 

within the metal volume during maintenance operations. These radiation levels have not 

yet been determined. The divertor walls and punipi.Iig ports ·are flanged to reduce the time 

riecessary ~or·rem6val and replacement. 

Super·conducting Magnets 

The major components that 'are unus·ual for a power plant ·are the 

superconducting magnets. Superconducting magnets operated to date have shown very high 

reliability. Once they are placed·into operation and satisfactorily brought up to their 

maximum field· strength, no further difficult1 is usuilly e~perienced with the 

superconducting· magnets. The only problem occurring has been vacuum jacket leaks~ 

The ~ain toroidal field coils are designed to be dynamically stable in 

operation; i.e., should a sm!!-11 portion of the superc·onducting material· suddenly become a 

normal conductor, there will be sufficient current flow path through the copper 

stabilizing material that the temperature of that ·local area will not rise above the 

superconductor critical temperature. Specifically, the current 

2 
an . average value of 4530· a:mps/cm· (including the stabilizing 

density has beeri h~ld to 

material). A temporary 

heating condition may be caused in larg.e superconducting magnets due to frictional heat 

generated by toil slippage with respect to.~djacent coils. Slippage may be caused by 

material stretching under stress of the magnetic pressure, and usually occurs only during 

startup of the magnet. However, even imperceptible creep in the material may be 

sufficient to ·cause. intermittent, sudden movement of one conductor relative to its 

neighbors. The frictional heat generated must be· cooled by the helium at that location 

to ~revent the magnet from normalizing. The change in stored energy du~ to a single coil 

transition to the normal state is about·4· x 109 joules.· Fatal damage to a coil could 

result· if the energy were deposited in a small volume. Superconducting magnets now 

op.era ting. at PPL -include thick copper rings to dissipate this e·nergy. 

There are 48 of these coils, and it can be shown that if thr~e coils are 

removed from service (unless they happen ·to be adjacent coils), the reactor can continue 

operation, albeit at a reduced level, (at· roughly 75% power level) until it i·s required 

to shut down the reactor for another reason. This redundancy, or ability to operate in 

spite of a major component malfunction, is an important part of the design. ' Repairs 

should be ·made within a reasonable time~ however, as i coil outage may dec~e~se divertor 

lifetime. 
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In addition to the main toroidal field coils, there are 56 vertical field and 

control coils. These qoils will also be superconducting, but the peak field strength in 

these coils is much lower, and the.total stored energy is ab.out 5% that in the toroidal 

coils .. 
Since the control magnets do encircle the reactor in this way, each time a 

segment is changed, some coils must be moved. The coils between the main plasma chamber 

and the divertor must be disconnected to remove a segment. At this time it is 

anticipated that a cryogenic "quick disconnect" will be used in each of these coils. The 

disconnect does not need to be superconducting, but could be cry·o-resistive such that the 

heat losses at this point would not seriously increase the refrigerati.on required to the 

remainder of the ·coils. Although such a quick disconnect has not, to our knowledge, been 

developed, it is certainly possible in principle, particularly if.one is willing to allow 

a considerable joule heating loss and thus refrigeration load at this point. 

Conventional Systems 

Other components of the reactor system are more or less conventional and will 

not be d·iscussed at great length. Many of these conventional components~ however, are 

operating in ·an unfriendly and unusual environment. For instance, nearly all components 

will be subjected to traces of tritium and some, such as the vacuum pumps and chemical 

processing plants, will be deluged with tritium. Another unusual circumstance is the 

high magnP.ti(". fielci in thP. 1·P.ac.tor huilciing. 

This may have unusual effects upon the operation of some conventional 

components. Tools in the reactor compartment must be made of nonmagnetic materials. 

Beryllium copper hand tools, .for example,. are now used in the cryogenic laboratory at PPL 

when working near energized magnet coils. The large superconducting magnet for ~AL 

(Nntionnl·Accelerntor Lnborn:tory) haG recently· been 
. 2 

placed into operation. It is about 

20 feet in diameter, has a 30 kG maximum field and stored energy of 0.4 GJ. Thus it is 

similar to one of the D magnets. Experience there has shown that the field increase 

outside the magnet is so gradually produced as to give workmen sufficient warning that 

they are carrying mag~etic materials and should not. approach the magnet closer with that 

object. 

The steam and helium systems and the power generating systems are state.of the 

art. The flibe and tritium system are designed as conventional and reliable, low 

velocity, high area systems. The hydrogen isotope system is a s~all chemical plant and 

should offer no unusual operational maintenance or repair problems aside from the tritiu~ 

handling. 
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The refrigeration plant furnishes liquid helium to the magnets. It is a 

closed system that has been designed with 29% redundancy for initial cooldown and other 

extra refrigeration needs. See Chapter 13 for further ·details. 3 Leakage of 8.4 m per 

day of helium is restored from the 10.2 m3 per day of production from the D-T reaction 

and the blanket. The remainder of the helium is stored for future use. 

Vacuum Pumps 

Mercury is .a good choice for the pump fluid. Attempts to measure. hydrogen 

concentrations due to hydride formation or hydrogen solubility in the mercury have failed 

because of the immeasurably srna:ll quantities. Thus the tritium holdup in the pump fluid 

will be nil. On the other hand, impurities and amalgams in the mercury coming from 

either the vacuum pump itself or from the reactor will probably be such that they will 

quickly saturate with deuterium and tritium. Because of this, it will be necessary to 

change mercury in the diffusion pumps somewhat more often than current standard practice 

with pumps pumping normal air. The contaminated mercury from these pumps can be easily 

purified by a variety of techniques to reclaim the mercury. If this is not done on site, 

fluid changes may be done even more often to maintain a very. low radioactivity level in 

the spent mercury. It should be kept in mind that mercury vapor is toxic, and 

concentrations in breathing air must be maintained at low levels and· continuously 

monitored. 

Power Supplies 

Power supplies for initiating the superconducting magnets for the toroidal 

fields are standard laboratory power supplies, arid no exceptional maintenance 

requirements are expected. For the control and vertical field magnets, however, the 

power sup~lies must be :capable of both c~arging the field of the·magn~t and discharging 

the field into either the power grid or into an energy storage device such as rotating 

machinery or cryogenic energy storage banks. At this time it appears that this power 

cannot be drained into the power grid during field changes. Draining power for scheduled 

sh~tdowns will be done at a considerably lower rate than during the field changes, and 

thus the same power supplies can be used. 

These devices, although quite large, will not require unusual maintenance 

services. In addition to the power supplies there will be provision for an emergency 

power dump from the coils in case of loss of coolant or other malfunction of the magnet. 

This is a simple water bath resistor that dumps the magnetic energy into the water bath, 
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heating and evaporating some of the water. 

the NAL bubble chamber magnet. 

See Ref. 2 for the resistor design used for 

Another component used in an unusual fashion is the energy storage device that 

stores the energy taken from the control and vertical magnetic field at the time of field 

interruption. This device can be an ordinary de motor generator with a large flywheel 

(see Chapter 5). Maintenance problems with this machine will be only slightly different 

from those of conventional de machines, because of continually accelerating and 

decelerating, thus causing some slightly unusual dynamic balancing problems. 

Routine MaintP.nance and Overhaul 

An unusual operating procedure of this reactor is the requirement to interrupt 

the plasma current. At this time it is expected that this current interruption will 

require approximately three minutes every hundred minutes'of reactor operation. It has 

been shown that such a shutdown will be easily picked up by the power plant. While 

operating at full load, the heat exchangers and the heat storage in the flibe blanket 

itself will allow the steam power plant to continue operation during this field change 

without severely limiting the power requirements (see Chapter 5). This is an unusual 

requirement and will need to be factored into the maintenance and overhaul schedules. It 

is possible that minor maintenance operations can be scheduled during some of these 

shutdowns each hour. 

Most routine maintenance requirements are no different from those of other 

power plants of this size. 

3 reference by Morrow. 

Many of these operations are discussed in an excellent 

In addition to these routine operations of conventional equipment, one needs 

to consider the more special equipment present in this plant. This incl~des the vacuum 

pumps, cryostats, the power supplies, fuel injection system, the isotope separation 

plant, the tritium removal and storage, and the lithium and deuterium receiving 

facilities. (See Table 19.1.) Special safety precautions need to be taken·for relief 

valve servicing, crane and other lifting equipment, inspection, radiation instruments 

and, finally, the emptying, processing and disposal of waste materials. These materials 

will accumulate in the cold trap of the "flibe doctor" where the flibe composition is 

controlled, 

Access Requirements 

Access to equipment outside the reactor vessel is not limited by space 

requirements on the power plant and servicing equipment. In the reactor room, however, 

/ 
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Table 19.1. Routine Component Maintenance/Inspection 

Component/Action Frequency Duration 

1. . ·vacuum pump/change oil 60 days 1 hr. 
change .bearings and seals 

2. Power supplies/change breakers 2 yrs. l day 

3. Liquifier/bearings and seals 2 yrs. 1 wk. 

4. Cold trap-Flibe doctor/replace 6 mos. 1 w~. 

5. Helium Compressor/ inspect. 2 yrs. 1 wk. 

6. Pumps (Flibe, H 2o) /inspect 2 yrs. 1 wk. 

7. Crnne/teGt 1 yr.. 1 day 

8. Thermocouples/calibrate 
1. ·wall 
2. flibe 
3. divertor wall 
4. divertor collector 

9. Relief valves/calibrate(replace) 1 yr. 1 wk. 

10. Magnet·ic heat leak/monitor daily 

11. Radiation Monitoring/calibrate(replace). 
Instruments· 6 mos. 1 day 

12. Plasma InstrumentH/replace 6 mos·.· 2 dnys. · · 
1. current 
2. temperature 
3. density · 

13. RrAaker/Axercise weekly minutes 
1. ·Operational 
2. emergency 
3. redundant 
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access to certain locations is quite limited. Maintenance requirements in the vessel 

will generally be limited to those on the superconducting magnet vacuum jackets and the 

diffusion pumps on the divertor. 

require segment removal. The 

accessible from the outside of 

Qther maintenance required in this room will generally 

vacuum pumps and external magnet coils are generally 

the torus. The vertica~ field windings that are within 

the shielding material can be reached only by removal of a portion of the reactor's first 

shield. The shield is se.gmented to expedite this removal but does require a reactor 

shutdown to perform maintenance work within the shield. Since the first shield reduces 

neutron and gamma radiation to a dose rate of 3690 mrem/hr, no access to the reactor room 

is possible with the reactor operating. When no power is produced the dose is reduced to 

27 mrem/hr, and contact maintenance can be done. It is possible, however, that limited 

maintenance on the pumps may be performed with a short term reactor shutdown, not an easy 

operation. 

In the case of the main toroidal D-shaped magnets, access is quite limited on 

the inner parL of the torus. Maintenance required in that area may require removal of a 

segment and removal of the D-magnet to gain access to that inner part of the D-magnet. 

The same is generally true of those control magnets on the inside of the torus. Should 

excessive problems develop, remote maintenance devices could be used, but that is not 

believed to be necessary. 

Instruments and Inspections 

The instruments used outside the reactor to monitor plant operation are qul.te 

conventional and no further discussion is required. Computer monitoring of these 

instruments, such as in modern steam plants, should minimize the operational staff of the 

plant. However, several unusual (in the power plant sense) instruments will be used to 

monitor reactor operation. Some of those are listed in Table 19.2. This is by no means 

a comprehensive list of the required instrumentation, but it is indicative of the 

instruments required to alert plant operators that corrective operations are required 

should any of these instrument~ ~ive readings outside their normal operating range. Many 

instruments will be located in high magnetic fields and must be designed accorctingly, 

Major Repair 

The most probable malfunction (see Table 19.3) of the plant is believed to be 

a leak of some sort .. This may be cause for replacement of a segment of the vacuum torus. 

Other possible structural and material failures are discussed in Chapter 9. 
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Table 19.2. Instruments 

Item Number 

Reactor Flibe Temperature 

Blanket Helium Temperature 

Radiation Wall Helium Temperature 

Vacuum Wall Helium Temperature 

Shield Coolant Temperature 

Helium Pressure 

Helium Flow 

Field Measurements (D-Coils) 

F-ield Measurements (Control) 

Plasma Current 

Plasma Temperature 

Plasma Density 

Fuel Composition, Flow 

Ash Composition; Flow 

Divertor Ptessure· 

Diffusion Pump Pressure 

Radiation Measurements 

Blanket Temperatures . 

Divertor Temperatures 

LH Temperature from Coils 

IN 
OUT 

IN 
OUT 

IN 
OUT 

IN 
OUT 

IN 
OUT 

< 

24 

12 
12 

12 
12 

12 
12 

24 
24 

12 

12 

48 

200 

2 

4 

4 

4 

12 

240 

389 

72 

480 
144 

240 

' I 

.C.. 



Table 19.3. Lifetime Goals 

1. 

2. 

3. 

4. 

5. 

6. 

7., 

8. 

9. 

Item 

Segments 

Vacuum pump, Roughing 

Liquifier 

Power Supplies 

Mech. Eng. Storage 

Flibe·Doctor 

Helium de-hum:i.difier 
System 

Pivertor 

Superconducting Magnets 

10. Superconducting 
Disconnects 

Goal 

20 yrs. 

5 yrs. 
10 yrs. 

50 yrs. 

5 yrs. 

20 yrs. 

50 yrs. 

20 yrs. 

20 yrs. 

30 yrs·. 

10 uses 

Most Probable Failure Mode/Cure 

leaks/replace 

Dirt/clean; heater/replace 
bearings seals/overhaul, 

replace 

bearings seals/overhaul 

overheated·component/replace 

bearings/replace 

leak/patch 

leak/patch 

wall erosion/replace 

va~uum jacket leak/repair 

faulty contact/repair 

501 
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Segment Change 

It is not a minor repair to replace one of the 24 segments. Very careful 

consideration is required on whether or not to replace the segment. Replacement analysis 

shall include review of equipment histories, life expectancy, and anticipated future 

operating. and maintenance requirements. Analyses shall consider replacement needs due to 

(1) deterioration which piohibits meeting accuracy, capacity, safety, or reliability 

requirements, .and ( 2) excessive maintenanc.e and operating cost. 

It is necessary to decide well ahead of time what constitutes ne~d for 

changing a segment •. Such minor malfunctions as a slight excessive heat leak into a 

magnet cryostat, a flibe drip from the blanket, or helium bubble through the blanket, or 

even an excessive vacuum leak, should not be cause of immediate shutdown and segment 

change. Allowable leak rates in each particular circuit must be prespecified, and if the 

rate exceeds that value, the segment will be replaced. A vacuum leak int6 the plasma 

chamber so severe as to prevent reignition of the burn is an obvious cause for repair. A 

smaller leak, which delays the attainment of full reactor power, or requires that the 

argon concentration in the fuel be reduced, may be tolerable. Marginal cases of this 

nature must be predetermined. It must be remembered, of course, that a helium or flibe 

leak is also a tritium leak. 

Leak Detection 

If it is determined that the leak rate is excessive, a difficult problem of 

pinpointing that leak remains. It will not be obvious which of the 24 segments is 

leaking. This will be particularly difficult to determine if several segments have 

slight but allowable leaks. Much of the instrumentation is for leak detection purposes. 

Thermocouples may be the most effective means of finding macro-leaks of helium or flibe·. 

Vacuum leaks will probably need spectroscopic, mass spectroscopic, or radio-isotopic 

techniques to determine their location . 

. Some of the operations envisioned during a change of segment cif the.reactor 

are discussed here. When the ailing segment is located, auxiliary shielding will be· 

brought into place to isolate the working area from other parts of the reactor. The 

outer shielding around the segment can now be removed t_o lighten· the segment. The 

toroidal ·magnets around the segment,. the adjoining segments, and .all superconducting 
• 

magnet coils encircling the reactor will be de-energized. This energy can be placed 

directly into the power grid. It should not be necessary to remove LHe from the main 

coils, but the one to be broken will be de-refrigerated. The quick disconnect on the 
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encircling coils· will be brought up to room temperature and the coil disconnected so that 

it no longer encloses the segment to be replaced. After the magnet 6oils have been 

removed from the segment, the fluid system lining will be cut. The'vacuum enclosure will 

be opened by breaking the weld between segments after the reactor has been purged with· 

helium. Helium and flibe manifolds will be severed after the flibe has been drained from 

the of.fending segment ·into a heated reservoir. Helium from three segments must be 

drai~ed into a reservoir, since three segments are interconnected through two segments on 

one ~nlet manifold and a different two segments on the helium outlet manifold (see 

Cha pt er 13) . 

The ·segment is now ready for removal, and special structural members. will be 

required to replace those taken away with the magnets. The shield, as well as the 

blanket, will be removed. The shield (with appropriate end plugs) will form a "coffin" 

for transporting the old radioactive segment to the hot cell space for convenient and 

safe storage. During normal operation these coffin. plugs and other bulky jigs and 

fixtures will be stored in the reactor room. 

Repla~ing a segment into the toroid will require some sophisticated, remote 

control equipment. Many of the operations are straightforward and can be done with 

adequate acc€88 and minimum radioactivity exposure. These operations include: setting 

the. segment ·in place; welding the high pressure helium coolant manifolds, making the 

mechanical connection to the low pressure flibe· manifolds, .replaci~g the shielding and 

instrumentation, and moving the D-magnets back in place. Since the alignment is not 

critical, errors of up to 1/4" seem allowable. Two other operations, however, are more 

difficult. One has been discussed previously, the control magnet disconnect. It will be 

necessary to re-connect and check continuity prior to cooling. 

Replacement of Vacuum Closure 

The vacuum closure on each sepment is done by welding outside the shield. The 

4.5 foot wide flanges.extending from the plasma/divertor chamber are made in this fashion 

for the purpose of rcplnceability of se15111e11t8 and to place the weld in a lower level 

radiation environment (see Chapter 12). Most of this weld _can be.made without remote 

operating equipment since it should not requir~ long welding times and is made outside 

the biological shield. Furthermore, the weld is easily accessible and visible for rlye 

penetrant, ultra-sonic, mass-spectrometer leak checking and X-raying .. On the inside of 

the torus, however, the weld is more difficult. 

In this area, access is so limited that special remote welding and inspection 

gear will be required. The weld will be made in a space about 6" x 8" and about 50 feet 
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long. The apparatus to !!lake this weld and inspection will be trolley mounted and tr.avel 

along a track. Just ahead of the welder, a fixture will gather the two steel sheets and 

position· them for welding. This fixtu·re will be passed through the space at least once 

prior to attempting to ·we.ld. It inus't· be, ascertained that the segment closure sheets are 

properly siz'ed and located. This remote in·spection must precede the welding of the· 

helium, flibe, etc'., ducts', since if proper . fit is not attained, the segment must be 

removed and modified to f.i t. When ·fit is assured,, the trolley can pass again, this time 

makirig the closu~e weld. Irisp~ction tbols ~ill subsequentli be passed through the space 

on similar trolleys. As an example, the trolley mounted welding fixture used to close 

the vacuum vessel of the ATC ·experimentai tokamak at PPL is shown in Fig. 19.1. 

Segment Repair Shop 

When a new segment is installed~ the old segment is left4 The disposition of 

the segment requires careful cdnsideration. The decision to ·repair or dispose and 

salvage certain parts, e.g., helium piping, must be made. The radiation decay schedule, 

how long the segment must· be held in the shielded room before it is safe to be handled 

(perhaps) with remote operating equipment, ·needs ·to be· evaluated. 'If repair is opted, 

the segment mu.st be cleaned, and the .debris· (radioactive corrosion products) found in the 

flibe and the helium must be disposed of i.n a preplanned manner.· Finally, the old 

segment must be rebuilt, reassembled, ·and quality-tested for use as a replacement. 

Unusual Maintenance Problems · 

Most of the problems in keeping th~ plant operational are expe~ted to come 

from relatively standard components such as pumps, compressors, generators, 'etc. The 

unusual.asp~cts of the maintenance of this plant compared to fossil fuel power plants 

involves the ubiquitous tritium, some radiation from radioactive pbrtioris of the blanket, 

the abundant.use Of cryogenic superconducting magnets and· some access problems.· Nuclear 

fission plants currently"operate ·under considerably more strenuous radiat.ion a,rid limited

access conditions than will be present in this reactor. Experience in operation with 

latge superconducting tryogenic magnets ~xists 
. 4 

at ANL, NAL and at BNL. No maintenance 

problems ha~e been'experienced although special procedures (control of ferr6us materials 

entering 'the rdo~) are required. Sustained, reliable operation appears quite feasible 

after a short adjustment period. 

Assumptions and Unresolved Problems 

As might be expected iri a study of this type,· assumptions have beeri made that 
,· ri-~ :. 1 , 

may turn out to be incorrect. Most involve the operation of the plasma cycle. The 
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Fig. 19 . 1 A.T.C. Welding torch and 
trolley, used for welding the final closure 
of the vacuum chamber. 

505 



506 

currently envisioned current interruption period appears feasible (see Chapter 5), but 

the requirements on the field changes in the magnets and energy dumping into an energy 

sink with subsequent retrieval are strenuous. This procedure has been assumed to be 

workable without causing other problems that could increase maintenance problems in turn. 

For instance, it is possible that during the current interruption the divertor will 

become slightly maladjusted, allowing high-energy particles to impinge upon either the 

vacuum wall or the divertor wall. This could result in excessive erosion, causing wall 

changes to be required more frequently than the present assumptions. 

Perhaps the assumption requiring most innovation and development is that of a 

cryogenic disconnect for the encircling control magnets. This, or a design innovation 

(not out of the question), is definitely required to allow practical disassembly of the 

reactor. Several alternatives have been considered, but the most satisfactory is 

believed to be the cryogenic disconnect. In the present design it is assumed that there 

are two separations per turn of the magnet coil, but more may be required, or perhaps one 

would do. Without this development it does appear that disassembly of the reactor would 

be a most tedious, perhaps several months long, job. 

Practicality, Cost 

From the prelimary conceptual design maintenance viewpoint it appears that the 

maintenance requirements of this reactor will be similar, or more simple than those of a 

conventional power plant. Many of the components, e.g., the power plant, are identical, 

and others, e.g., the segment-handling equipment, are similar. If anything, it appears 

that the access and major overhaul procedures are slightly more simple in the case of the 

fusion reactor. The extra maintenance problems caused by tritium and cryogenic magn~ts 

would appear to about balance the radiation hazard and the tedious fuel-handling 

procedures in the fission plant or the stack-grate-ash removal problems of a coal plant. 
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Chapter 20 

Cost Analysis 

J. File 

Introduction 

This chapter gives the cost estimate of the Princeton Reference Design Fu~ion 

. Reactor. Costs are giveh. in 1974 dollars. We choose as a format the Atomic Energy 

Commission Guide for Economic 
. 1 

Evaluation· of Nuclear Reactor Plant Designs, used by the 

·power industry estimators to present cost analyses of nuclear power plants. Where 

necessary, adjustments described below are made to fit the particular needs of a fusion 

reactor .. Table 20.1 gives the major accounts taken from .Ref. l; 

Capital Costs 

The Plant 

The capital cost of this 2030 MWe fusion power plant, excluding interest 

during construction is $1,004,320,000, resulting in a unit cost of $494.70/kW. The total 

capital cost, if one includes interest on the inves~~ent during construction, is 

$1;21°5;230,000, resulting in a unit cost of $598 .. 60/kW. Table 20.2 itemizes the costs. 

Figure 20.1 is a plot of capital cost/kW (no escalation is imposed)'of operating nuclear 

power plants as a function of the ·~hronological time that it first started operation. 

The data are obtained from a Federal Power Commis~ion report 2 a'nd the 18th steam· station 

cost survey given in Electrical World, 3 and they represent both publicly and privately 

·owned plants. Our fusion reactor was plotted in January 1974. Though the capital cost 

of a fusion reactor is somewhat higher than many 9f the earlier plants, which were built 

with less inflated dollars, it will be seen below that the cost of operation is quite 

competitive with both.nuclear and fossil fuel plants. 

Accounts 20 and 2~, Land, Land Rights, Structures and Site Facilities, are 

estimated from data obtained in Refs. 2 and 3 on modern operating power plants, as well 

as from data obtained in a detailed analysis of Volume I, A Pressurized Water Reactor 

Plant of 10.00 .MWe. 4 We compare the needs of our reactor and ma·ke reasonable allowances 

for the larger size of th~ pl~nt to arrive at estimates. Allowances for inflation are 

made at the rate of 6% per year since 1971. 

Accounts 22 and 23, Reactor Plant and Turbine Plant Equipment, contain the. 

nuclear island, the boilers, the cryogenic equipment, the turbine-generators, etc. Most 

of the items in these two accounts have been estimated from actual costs of materials and 
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Account No. 

20 

21 

22 

23 

24 

25 

91 
.- ... 

Table 20.1 

Major Account ·Numbers and Titles ·from Refe·r·ence 1 

Account Title 

201 
202 

211 
212 
213 
214 
215 
216 
217 
218 
219 

221 
222 
223 
224 
225 
226 
227 
228 
229 

231 
232 
233 
234 
235 
236 

241 
242 
243 
244 
245 
246 

251 
252 
253 
254 

910 
911 
912 
913 

LAND AND LAND RIGHTS 

Land and Privilege Acquisition . 
Relocation of Buildings, Utilities, Highways, 
and Other Services 

STRUCTURES AND SITE FACILITIES 

Site Improvements and Facilities 
Reactdr Building 
Turbine Building 
Intake and Discharge Structures 
Reactor Auxiliaries B·uilding 
Radioactive Waste Building 
Fuel Storage Building 
Miscellaneous Buildings 
Stacks (when separable from buildings) 

REACTOR PtANT EQUIPMENT 

Nuclear Island 
Main Heat Transfer and Transport Systems 
Safeguards Cooling Systems 
Radioactive Waste Treatment and Disposal 
Nuclear Fuel Handling and Storage Systems 
Other Reactor Plant Equipment 
rnstrumentation and Control 

· ·Fo"ssil-Fueled Boilers and Superheaters 
·Irradiation Facilities 

TURBINE PLANT EQUIPMENT 

Turbine-Gene.r.ators 
Heat Rejection Systems 
Condensing Systems 
Feed-Heating System 
Other Turbine Plant Equipment 
Instrumentation and Control 

I 

. ELECTRIC PLANT EQUIPMEN'I' 

Switchgear 
Station Service Equipment 
Switchboards 
Protective Equipment 

· Electrical Structures and Wiring Containers 
Power and C_ontrol Wiring 

MISCELLAN.80US PLANT EQUIPMENT 

Transportation and Lifting Equipment 
Air and Water Service Systems 
Communications Equipment 
Furnishings and Fixtures 

. CONSTRUCTION F.ACILITIES, EQUIPMENT, 
AND SERVICES . 

Engineering Construction and Field Supervision 
Temporary Facilities 
Construction Equipment 
Construction Services 
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93 

94 

921 
922 

931 
932 
933 

941 
942 
943 

ENGINEERING SERVICES 

Reactor Engineering 
Plant Engineering 

OTHER COSTS 

Taxes and Insurance 
Staff Training and Plant Start-Up 
Owners G. and A. 

INTEREST DURING CONSTRUCTION 

Physical Plant and Associated Indirect Costs 
Land and Land Rights 
Special Materials 
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. Table· 20. 2 

Cost Estimate for the Princeton Referenc~ Design 

Account No. 

20 Land and Land Rights 

201 Land and Privilege Acquisition 

Total - Land and Land Rights 

21 Structures and Site Facilities 

211 
212 
213 
214 
215 
217 
218 

Site Improvements 
Reactor Building 
Turbine· Room and Steam Generator 
Intake and Discharge Structures 
Reactor Auxiliary Building 
Fuel Storage Building 
Miscellaneous Buildings 

Total - Structures and Site Facilities 

22 Reactor Plant Equipment 

221 
222 

225 

226 
227 

Nuclear Island 
Main Heat Transfer and 
Transport Equipment 
Deuterium and Tritium Handling System 
and Inventory 
Other Plant Equipment 
Instruments and Controls 

Total - Reactor Plant Equipment 

23 Turbine Plant Equipment 

231 
232 
233 
234 
235 
236 

Turbine Generator Equipment 
Heat Rejection System 
Condensing System 
Feed Heating System 
Other Turbine Plant Equipment 
Instruments and Controls 

Total - Turbine Plant Equipment 

24· Electric Plant Equipment 

241. 
242 

. 243 
244 
245 
246 

Switchgear 
Station Service Equipment 
Switchboards 
Protective Equipment 
Electrical Structures 
Power and Control Wiring 

Total - Electric Plant Equipment 

25 Miscellaneous Plant Equipment 

251 

252 
253 
254 

Transportation and Lifting 
Equipment 
Air and Water Service System 
Collll!lunication Equipment 
Furnishings and Fixtures 

Total - Miscellaneous Plant Equipment 

Amount 
(Thousands 
of Dollars) 

1 000 

1 500 
76 000 

4 310 
4 290 
4 710 
1 840 
7 610 

403 050 

177 690 

7 900 
6 600 

10 600 

59 590 
10 500 
15 700 
17 700 
16 300 

5 000 

2 800 
10 100 

1 220 
570 

3 500 
13 700 

5 800 
5 800 

300 
4 300 

Amount 
(Thousands 
of Dollars). 

1'000 

100 260 

605 840 

124 790 

31 890 

16 200 
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91 Construction Facilities, Equipment 
and Services 61 300 

92 Engineering Services 33 000 

93 Other Costs 30 040 

TOTAL CAPITAL COST OF REACTOR AND FACILITIES 
(Not including Account 94) 1 004 320 

94 Interest During Construction 210 910 

TOTAL CAPITAL COST OF REACTOR AND FACILITIES 1 215 230 
(Including Account 94) 
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equipment as. well as from actual quotations from manufacturers (see Acknowledgments). 

Other items were estimated with suitable adjustments from Ref. 4. The cost estimate for 

the Nuclear Island, Account 221, the part of the fusion reactor that differs from other 
l 

nuclear reactors, is described in detail below. 

·Accounts 24 and 25, Electric and Miscellaneous Plant ,Equipment, are estimated 

either from. actual requirements, by manufacturers or from .Ref. 4, with:suitable 

adjustments .. 

Accounts 91 through 94 inclusive are known as the Indirect Cost Accounts. The 

first three·· are. estimated using guides in Refs .. 1, 2 and 4 suitably adjusted for our 

reactor and for·int'lation since 1971. Account 94, Interest During c.onstruction, reflects 

the interest that must be paid for the construction funds. This cost, therefore, varies 

with the time.~~ ~onstruction and period required to construct the ~lant; 5 In this 

study, we. have taken construction time to be an effective three years at a yearly 

percentage rate of 7%; i.e., 21% for the cost of capital during construction. 

Cost Analysis Format 

Except for very minor. instances, the changes required to Ref. 1 to fit the. 

needs of this reactor are made in Account. 221, which we choose to c'all the Nuclear 

Island. The sub-accounts, listed in Table 20.3, were. deemed necessary to describe the 

p~rts of the Nuclear. Island. Modifications to the items listed in Table 20.3 can be made 

as the need.for more· expansion uf detail arises. 

·Superconductor Cost 

In a study made for the Atomic Energy Commission, Powe11 6 predicted the 

availability as well as the cost of superconductors when they will be required for 

reactors, some two or three decades from now. We have used this study to estimate the 

costs of our superconducting magnets. 

The.Nuclear Island 

The total cost of· the Nuclear Island is estimated to be $403,050,000, 

resulting in a unit cost of $198.55/kW. The Nuclear Island was designed using present 

known technology, materi~ls and manufacturing processes. Experience gained in 

construction of previous plasma physics research devices at Princeton University, as well 

as experience by others in the fast breeder reactor technology, was relied upon heavily 

for engineering decisions made in this study. The details of the ~ost estimate are given 

in Table 20.4. · 



Table 20.3 

Suggested Itemization of the Nuclear Island Account 

Account Number 221 

221 Nuclear Island 

221.1 

221.2 

Reactor Supports and Foundation 

221.11 
221.12 
221.13 
221.14 

Main Supports and Foundations 
Coil Supports 
Vacuum Vessel Supports 
Shipping Equipment 

Magnet Systems 

221. 21 
221.211 
221.212 
221.213 
221.214 

Toroidal Field Magnet 
Conductor 
Coil Forms 
Other Materials 
Coil Winding 

221.22 
221.221 
221.222 
221. 223 
221. 224 

Divertor Magnet 
Conductor 
Coil Forms 
Other Materials 
Coil Winding · 

221.23 
22l.231 
221.232 
221. 233 
221.234 

Vertical Field Magnets 
Conductor 
Coil Forms 
Other Materials 
Coil Winding 

221.24 
221. 241 
221. 242 
221. 243 
221.244 

Control Field Magnets 
Conductor 
Coil Forms 
Other Materials 
Coil Winding 

221.25 
221.251 
221.252 
221. 2f):1 
221. 254 

Other Magnets 
Conductor 

221.26 Magnet 
221. 261 

221.2611 
?.:?.J..2612 
221. 2613 

221.262 
221. 2621 
221.2622 
221.2623 

22i.2fi:1 
221. 2631 
221.2632 
221. 2633 

221. 264 
221.2641 
221.2642 
221.2643 

221.265 
221.2651 

. 221. 2652 
221.2653 

Coil Forms . 
Othar M::ttorio.lo 
Coil Winding 

Protection System 
Toroidal Field Magnet 

Resistors 
Power Supplies 
Other Materials 

Divertor Magnets 
Resistors 
Power Supplies 
Other Materials 

Vertical Field Mo.gncto 
Resistors 
Power Supplies 
Other Material 

Control Field Magnets 
Resistors 
Power Supplies 
Other Material 

Other Magnets 
Resistors 
Power Supplies 
Other Material 
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221.3 

221. 4 

221. 27 
221.271 
221.272 
221.273 
221.274 
221.275 

Dewars and 
221.31 

221. 311 
221.312 

·221.313 
221. 314 
221.315 

221. 32 
221.321 
221. 3·22 
221.323 
221.324 
221. 325 

221. 33 
221. 331 
221. 332 
221. 333 
221.334 
221. 335 

221. 34 
221.341 
221.342 
221. 343 
221.344 
221. 345 

221. 35 
221.351 
221. 352 
221. 353 
221. 354 
221.355 

221. 36 
. 221. 361 
221.362 
221.363 
221. 364 
221. 365 
221. 366 
221. 367 

Magnet .Ener.gizing Power Supplies 
Toroidal Field Magnets · 
Di:vertor Magnets . 
Vertical Fi~ld Magnets 
Cpntrol Field Magnets 
Other Magnets 

Refrigerator System 
Toroidal Field Dewars 

Steel 
·Insulation 
Supports 
Special Hardware. 
Filling Equipment 

Divertor Dewars 
Steel 
Insulation 
Supports 
Special Hardware 
Filling Equipment 

Vertical Field Dewars 
steel 
Insulation 
Supports 
Special Hardware 
Filling Equipment 

Control Field Dewar 
Steel 
Insulation 
Supports 
Special Hardware 
Filling Equipment 

Other Dewars 
Steel 
Insula.tion 
Supports 
8pecial Hardware 
Filling Equipment 

Refrigeration Equipment 
Foundations and Supports 
Refrigerators · · 
Piping 
Insulation 
Storage and Handling Equipme.nt 
Purifying. Equipment 
Other Material arid Equipment 

Helium Inventory 

221. 41 
221.411 
221.412 
221.413 
221.414 
221. 415 

221.42 
221.421 
221.422 
221.423. 
221.424 
221.425 

Cryogenic Helium 
Initial Inventory 
Shipping Equipment 
Make-up Equipment 
Storage and Handling Equipment 

·Separation Equipment 

Other Helium 
Initial Inventory 
Shipping Equipment 
Make-up Equipment 
Storage and Handling Equipment 
Separation Equipment 



221. 5 

221.6 

221.7 

Divertor and Vacuum Vessel 

221. 51 
221. 511 
221. 512 
221. 513 
221.514 

221. 52 
221. 521 
221.522 

221. 53 
221.531 
221.532 
221.533 

221.54 
22l. 541 
221. 542 
221. 543 
221.544 

Radiation Shield 
Radiation Shield Wall and Supports 
Cooling Tubes and Manifold 
Tube Insulation 
Other Material 

Vacuum Wall and Supports 
Vacuum Wall and Supports 
Vacuum Tube Handling and Testing Equipment 

Vacuum Pumps 
Pumps and Piping for Vacuum Vessel 
Pumps and Piping for Divertor 
Miscellaneous Equipment 

Uivertor 
DivArtor Wnll and Supports 
Cooling Tubes and Manifold 
Tube Insulation 
Other Material 

Shields, Dlankets and Cooling 

221. 61 . 
221. 611 
221.612 
221.613 
221. 614 

221.62 
221.621 
22l. 622 
221.623 
221.624 

221.63 
221. 631 
221.632 
221. 633 
221.634 

221.64 
221. 641' 
221.642 
221.. 643 

Breeding Blanket 
Blanket Support 
Coolant (Flibe) 
Coolant Handling Equipment 
Other Material 

Shielding Blanket 
Blanket Support 
Blanket Mut crial 
Handling Materials 
Other Material 

Other Biological Shields 
Shield Support 
Shield Material. 
Handling Materials 
Other Material 

Blanket Cooling System 
Coolant Piping, Manifolds and Insulation 
Cooling Tubes, Manifolds and Insulation 
Cooling Tubes, !fanifolds and Insula t:iuil 

Fuel Injection System 

221. 71 
221.72 

Injection Guns a'nd Supports 
Power Supplies and Supports 
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Table 20.4 

Estimated Cost of the Nuclear Island 

Item Estimated Costs (Thousands of Dollars 

221 Nuclear Island 

221.1 Reactor Supports and Foundations 

221.11 Main Supports and Foundations 5 000 
221.12 Coil Supports 27 000 
221.13 Vacuum Vessel Supports 1 000 
221.14 Shipping Equipment 1 000 

Total 221.l Account 34 000 

.221.2 Magnet Systems 

221. 21 Toroidal Field Magnet 61 800 
221.22 Divertor Magnets 2 630 
221.23 Vertical Field Magnets 6 600 
221.24 Control Field Magnets 2 140 
221.26 Magnet Protection System 4 500 
221.27 Power Supplies for Magnets 33 600 

and Protection Devices 

Total 221.2 Account 111 270 

221.3 Dewar and Refrigeration System· 

221.31 Toroidal_ Field Dewars 13 750 
221.32 Divertor Field Dewars 1 170 
221. 33 Vertical Field Dewars 2 990 
221.34 Control Field Dewars 1 720 
221.36 Refrigeration Equipment and 63 000 

Piping and Insulation 

Total 221.3 Account 82 630 

22l.4 Helium Inventory 

221.41 Cryogenic Helium 1 900 
221.42 Reactor Cooling Helium 430 

Total 221.4 A·ccount 2 330 

221.5 Divert or and Vacuum Vessel 

221.51 First Wall 4 500 
221. 52 Vacuum Wall and Supports 8 940 
221. 53 Pumps 2 100 
·221. 54 Divertor 14 500 

Total 221.5 Account 30 040 

221.6 Shields, Blankets and Cooling 

221. 61 Breeding Blanket 28 100 
221.62 Shielding Blanket 18 630 
221.63 Other Biological Shields 750 
221.64 Blanket Cooling Systems 85 300 

Total 221.6 Account 132 780 

221.7 Fuel Injection System 10 000 

TOTAL NUCLEAR ISLAND, 221 ACCOUNT. 403 .050 
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The Cost of Power 

The estimated cost of energy at the busbar for the Princeton Fusion Reactor is 

15.2 mills/kWh. The components of the total, which are itemized in Table 20.5, are the 

following: 

a) The cost of return of investment (based on 15% return and 85% 

availability) is 12.1 mills/kWh. 

b) The cost of operation including wages of all personnel, maintenance, 

replacement and repairs are taken from the averages of the privately owned nuclear plants 

reported in Refs. 2 and 3. In addition, we have included the maintenance, repair and 

replacement costs of features unique to a fusion reactor such as the first wall, the 

cryogenic system, etc. The cost of operation is estimated to be 3.1 mills/~Wh. 

c) The cost for the tritium handling equipment, initial tritium inventory and 

the initial lithium inventory is covered in item::; 221 and 225 of Table 20.2. Tritium 

used in the D-T reactor is essentially free, inasmuch as the tritium breeding ratio is 

greater than 1. The only fuel cost, therefore, is that of the deuterium being consumed 

in the D-T reaction. That cost is only $300,000 per year or less than 0.02 mill/kWh. 

Table 20,6 compares the estimated cost of energy at the bushar of the· 

Princeton Fusion neacLor to that of 16 nuclear plants now in operation in the United 

States, as obtained from Refs. 2 and 3. We have included an average inflation rate of 6% 

per year since 1971 when comparing the data to the January 1974 estimate of our fusion 

reactor. 

Table 20.7 makes the same cost comparison between the fusion reactor and all 

plants (coal, oil, gas, combination and nuclear) of 1000 MWe or greater reported in Ref. 

3. The same inflation provision as above is ruade. 

We note thaL the fuel cost for a fusion reactor is vanishingly small when 

compared to all other fuels. On the other hand, because of the intricacy of the nuclear 

island, the capital cost is higher than for other kinds of plants. The cost of labor, 

repair, replacement and matntenance is comparable to the other plants. Accordingly, it 

is clearly shown by Tables 20.6 and 20.7 that for a fusion reactor the cost of energy at 

the busbar is favorably comparable to present day plants. Further, as the cost of fossil 

and nuclear fuelG (see Fig. 20.2 for late data on costs of fossil fuels) spiral upwards 

at rates higher than the average inflation rate, the cost of energy at the busbar will 

become even more attractive for fusion reactors. 
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Table 20.5 

Cost of Energy at the Busbar 

Cost of Return on Investment 
(15% Return and 85% duty factor) 

Cost of Operation and Maintenance 

Steam & Electric Operation Expenses 
Maintenance of Steam, Boiler, Electric 

& Nuclear Island Plants 
First W~ll Replacqment (5 yr. interval) 
Engineering and Supervision of 

Operations and Maintenance 

Total Cost of Operation & Maintenance 

Cost of Fuel 

Total Cost of Energy at the busbar 

Cost 
Mills/kWh 

0.50 

1.00 
1.03 

.57 

.02 

12.05 

3.10 

.02 

15.17 



Table 20.6 

Cor.:parison of Prin·::eton Fusion Reactor With Operating Nuclear Plants* 

Operating Cost Total Cost 
Capital :::::ost Capital Cost Less Fuel Fuel Cost at Bus bar 

$/kV/ Mills.LkWh HillsLkWh MillsLkWh MillsLkWh 

Indian Point 466 19.51 3,"81 4.58 26.90 

Peach Bottom .237 9.40 9.94 1.92 21. 26 

Humboldt Bay 380 12.02 3.27 4.19 19.48 

Monticello 185 15.62 1.42 1. 96 19.00 

Princeton Reference 599 12.05 3.10 0.02 15.17 
Design 

Big Rock Pt. 194 7.02 4.05 . 3.67 14.74 

9 Mile Point 256 9.97 1.11 2.67 13.75 

Dresden 121 9.07 0.98 2.02 12.07 

R. E. Ginna 161 5.44 1. 91 2.53 9.88 

H. B. Robinson 101 5.69 0.94 2.41 9.04 

Rowe 218 4.94 1.44 2.37 8.75 

Millstone 146 4.77 1.07 2.21 8.05 
I 

San On of re 190 4.58 0,86 2.32 7 .7.6 

Oyster Creek 167 4.28 0.96 1. 98 7.22 

Conn. Yankee 156 3.95 0.92 1. 76 6.63 

Point Beach 141 4.02 0,47 1.86 6.35 

* Data from Refs. 2 and 3. 



Table 20. 7 

Comparison of Princeton Fusion Reactor 
With All. Plants of 1000 Mwe· or Large·r Placed on· Line During 1972* 

Operating Cost Total Cost 
Capital Cost Capital Cost Less Fuel Fuel Cost at Busbar 

$LkW Mills[kWh MillsLkWh MillsLkWh MillsLkWh 

Princeton Referance 588.6 12.05 3.10 0.02 15.17 
nesiftn 

659 (Coal) 185.7 8.78 1.12 3.17 ,13.07 

661 (Coal) 129.9 4.17 1.42 4.40 9.99 

664 (Coal) 138.6 5.44 0.76 3.63 9.83 

670 (Oil) 161. 7. 4.17 0.73 4.79 9.69 

671 (Oil + Coal) 169.3 4.59 0.50 4.49 9.58 

666 (Coal) 101. 9 3.01 2.65 3.72 9.38 

660 (Coal) 152.3 4.84 0.48 3.63 8.95 

662 (Nuclear) 122.0 4.42 0 .. 67 3.26 8.35 

663 (Nuclear) 134.0 4.28 l.11 2.96 8.35 

672 (Coal) 145. 9 4.52 0.65 2.78 7.95 

665 (Coal) 144. 2 . 3.53 0.41 3.94 7.88 

* Data from Ref. 3 
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Chapter ·21 

Uses for the Reference· Design 

R. G. Mills 

The Reference Design as a Standard 

There is a great tendency for people preparing proposals for future devices, 

or descriptions of future systems, to spend a disproportionately large fraction· of their 

efforts on those aspects of the project that are well understood. As a result the parts 

that can be accomplished, well may receive far more discussion than the new or novel 

features tha_t require research_ and development in order to be accomplished at all. In 

an extreme case one might find i thorough description of adequate provisions for every 

aspect of a project except for one insoluble problem for which no one has a solution. 

The fusion reactor, for example, 'could founder if high temperature plasmas cannot be 
' ' 

confined or if a useful lifetime of the first vacuum wall cannot be achieved in the 

presence of a strong neutron flux. In the preceding chapter·s we have attempted to 

describe every problem associated with a first-generation fusion power plant, with a 

" ' clear identification _of those problems for which adequate knowledge for a solution is 

not yet available. We have viewed this task not as an.end 'in itself but rather as a 

necessary first step in a larger and more important task of examining how much freedom 

exists within the multiple parameter range illustrated. by our reference design model. A. 

major use df this study will be to ptOVlde a ~uluL 0£ dcpurturo from whirh tn ~~1~e the 

effect of any proposed change in machine parameters. 'From the dozens of pnRsibilities, 

we shall briefly describe just seven as examples o~ those needing attention. 

The most fundamental pr~hlem.in rese~rch programs related to controlled 

thermonuclear fusion remains today exactly what it has been for twenty years, the lack 

of knowledge of the transport properties of thermonuclear plasmas. The · need £01· 

containing them for study to attain this information conflicts with the lack of 

knowledge of the transport properties needed to design an adequate ,confinement device. 

The transport properties predicted· theoretically (the diffusion 'coe'fficierit and Liie 

thermal conductivity are the most important) differed for years from those observed in 

laboratory devices, not only in magnitude, but also in their functional dependence on 

the plasma parameters (density, temperature, and magnetic field). Recent success in 

bringing theory and experiment closer .together is the source of much optimism, but 

experiment suggests that as plasma energy density increases, there is a tendency for the 

confinement to depart from "neoclassica1 111 o~ "pseudoclassica1 112 behavior in which. 

52.6 
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transport rates decrease as the temperature increases by going into a "Bohrn-like" state 

where transport increases with temperature. Currently, a popular theoretical 

explanation is the "trapped-ion instability." See, for example, Kadomtsev and Pogutse. 3 

However much work remains before we can say that theory and experiment really agree. 

Clearly until it is established whether or not this transitional behavior is to be 

expected, and at what plasma conditions it takes place, assumptions must be made about 

the transport properties. For this report constant values (i.e., independent of 

temperature and density) were assumed. An important question is to explore the 

implications of varying this assumption. This is one of the highest priority problems 

that can be done using this model as a first approximatj.on, 

In a pressure-(beta-) limited magnetic confinement device, the fusion power 

density will vary as the fuurth power of the confining magnetic field. It is rather 

obvious that this means a reactor using a field that is too small will be of no economic 

interest. The converse, viz. "the higher the magnetic field the better" is not so 

obvious. Problems of structural support and cost increase with field level, and there 

may be an optimum. 

needs to be studied. 

The sensitivity of the fusion power plant to assumed field levels 

Should radiation damage prove to be a controlling economic factor, advantage 

can be gained by designing for prompt change of inner parts with design emphasis on low 

cost parts and especially rapid replacement procedures to avoid serious reduction in the 

plant's utility factor. It would be of value to know if it is realistic to assume 

frequent (six months) .replacement and whether recycling of the vacuum wa.11 can be done 

economically. 

The present design has attempted elimination of as many problems as possible. 

For example, to a.void the complicat.i.un of MHD effects in moving circulating fluids, 

helium has been chosen as the coolant, and the flibe circulated only rapidly enough for 

chemical processing. Since circulating helium requir~s Rn enormous amount of power, 

there is a potentially large increase in efficiency obtainable by eliminating the helium 

luop, .i.ucreasing the rate of circulation of the flibe, and making use of it as a heat 

transfer medium. 

Although the breeding characteristics of the blanket design presented here 

seem very adequate (with a tritium doubling time far shorter than really necessary), the 

calculation is based on cross-section data that are not of sufficiently high accuracy to 

give full confidence in the result. Especially suspect are the cross sections for 

fluorine, where the accuracy is probably not better than 20%. Should its neutron 
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capture be unexpectedly high, it might be reason to load the blan~et with more beryllium 

or possibly some metallic lithium, thereby complicating the tritium recovery procedures; 

studies of such contingency designs should ·be carried out,- starting with a small 

sensitivity analysis to variations of the fluorine cross sections. Efforts should be 

made to reduce the beryllium content from the point of view of resource conservation. 

The present design· calls for an uncomfortably large beryllium inventory. 

It is conventional wisdom that the D-T reactor will be the first to be 

developed. However this assumption may be seriously questioned. There are important 

advantages to other fuel cycles, the so-called catalyzed deuterium reactor for 

4 example, and they should not be ignored. The increase in size that is implied in such 

an alternate fuel mixture might be just what is required should unfavorable results 

develop in the two major fields of uncertainty: confinement and radiation damage. 

It is implicit in the model described in this report that the diffusion 

coefficients will be substantially higher than those predicted by current theory 

(neoclassical and pseudoclassical). Although twenty years of research have been 

hampered· by devices that did not provide long enough confinement times, it is not out. of 

the question that devices of the large sizes needed for reactors may tend to provide 

confinement times that are too long for simple continuous operation at the equilibrium 

condition. 5 . ··Although it is generally accepted that some sort of spoiling technique 

should be readily available, it could turn out that cyclic operation provides the most 

convenient arrangement for_a reactor. Such a model should be explored. 
I 

The previous seven items represent variations on the theme developed in this 

report. It is also necessary to probe more deeply into some of the topics developed in 

the preceding chapters". A few examples follow. 

The question of injection needs experimental study in the high energy density 

plasmas that have oniy recently become available in the laboratory. Incqrporation of 

magnetic field effects into the present theory of the injection process6 is a 

complicated and controversi·a1 topic that needs some data to build on. 

Divertor design is very intricate and has been a cause of much delay in 

preparing this report. Some doubt still remains concerning the accuracy of the model 

finally selected even granting the transport property hypothesis on which this model is 

based. An enlarged effort, both theoretical and experimental, is called for. 

· .. , As indicated in chapter seven, ohmic heating alone can suffice for ignition 

only with rather favorable results. from confinement studies. Neutral injection is 

probably satisfactory as an auxiliary heating means, but if .compression is required, an 
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enlarged vacuum chamber will probably be necessary to accommodate a significant increase 

in temperature by this method. 7 • 8 

Other areas that require more theoretical and experimental · study include 

questions .of the deposition of the kinet_ic energy of the alpha particles born in the D-T 

fusion reactions in the plasma and in the wall, optimization of the neutronics, and 

tritium management system details. 

Programmatic Implications 

The value of conceptual. studies such as this one is a subject of debate. 

Some people believe them to have little, if any, value. Some believe them to be 

misleading, causing people to believe the research program is further along than it 

really is. The "let's build it and see if it works" attitude might be stimulated by 

taking this work too seriously. Others dismiss conceptual reactor studies as entirely 

premature technically and describe them as public relations work. 

The authors of this report do not believe that it describes accurately a 

first generation reactor; rather they view this as an exercise to identify the various 

problems that must be solved to ma.ke fu::;ion reactors possible an·d evaluate the relative 

difficulty and importance of each problem. In this way the primary value is believed to 

be for use as a tool to aid in shaping the research and development program that must be 

completed before thermonuclear power can be a reality. 

What sort of machine should be chosen for conceptual study? One encounters a 

diversity of opinions on this subject. A few desire to show how an ultimate, high-

efficiency, third or fourth generation power plant could meet all the conflicting needs 

of society.· Others recommend ignoring the impu::;::;ible-to-predict remote future and 

simply considering an experimental fusion fue·l burner; it is. close enough ahead in ti.me 

to be visualized with some hope for accuracy. However in order to fulfill the role of 

identifying the important problems, we have felt a first generation commercial power 

plant is the best choice since it requires every element of a practical system (whereas 

experimental reactors do not), yet avoids certain inter~:sting a.11xiliflri.P.'> (e.g., direct 

conversion or other topping devices) that are not really necessary to make fusion a 

success. 

Certainly the machine described in this report, if built, would not function 

us described. How~ver it is almost unique among conceptual designs in that we do not 

know today how it would differ in performance from the preceding description. A number 

of difficult problem::; have been identified during the writing of this ·reporL, and 

further research required to investigate the solutions of these problems is summarized 

in the final chapter of this book, 
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Chapter 22 

Needs for Further Research 

R. G. Mills 

Major Assumptions Adopted in .This Work 

Plasma Confinement 

Modern theory of toroidal plasma confinement 1 •2 • 3 predicts times more than 

adequate for purposes of reactors of the size contemplated in this report. Experiment4 

has shown reasonable agreement with these theories, but there is some evidence5 • 6 that 

at higher plasma energy densities a transition to Bohm-like behavior occurs, perhaps 

caused by trapped-ion instabilities. 1 No theoretical or empirical data have been used 

to justify the diffusion coefficient selected in our model. It is roughly two orders of 

magniturle larger thun banana diffusion theory predicts, and two and one-half orders of 

magnitude smaller than classical Bqhm diffusion. It has been taken as constant over the 

aperture. 

This procedure is equivalent to assuming that a transition to 

faster-thun-theoret.ical diffusion· will occur before the full thermonuclear reeion is 

achieved by some as yet unexplained process, perhaps a breakdown into a turbulent 

mixture of convective cells in such a manner that a net average diffusion coefficient is 

active over the entire aperture. The assumption is also implied that this diffusion 

coefficient will fortunately be exactly what is desired or that some undescribed method 

will be available to adjust the diffusion rate to that desired. 

lgnit]on 

It may be possible for ohmic heating a.lone to bring a toroidally-confined 

deuterium-tritium plasma to the ignition point, although at present the method seems. 

marginal. The ideal ignition temperature for equal densities of deuterium and tri.tium 

is only· 4.2 keV, but in practice it is to be expected that considerably higher 

temperatures will be necessary. ThP. i.deal case balances bremsstrahlung losses to alpha 

energy released within the plasma. 7 Addition of ohmic heating input depresses the 

ignition temperat11re and may ullow ohmic heating to carry the plasma to self-sustaining 

conditions, especially at high current densities and low plasma densities, 8 but 

reducing the ion density slows the process and requires a longer time to achieve 

ignition. Incorporating other loss processes (thermal conductivity, particle losses, 

and even synchrotron radiation) further increases the actual ignition temperature. The 

531 
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difficulty of achieving ignition by ohmic heating alone has been appreciated since the 

very beginning of CTR research,9 and a variety of supplementary heating methods has 

been proposed, originally magnetic pumping, 9 and more recently adiabatic 

compression.lO,ll With the exception of microwave heating and possibly hybrid resonance 

heating for which the radio frequency power may ~e introduced through wave guides, the 

various rf schemes (e.g., magnetic pumping and ion cyclotron resonance) seem to imply 

the need for coils within the vacuum chamber. This would require insulation for high 

voltage, a problem for which adequate solutions do not appear to be at hand. 

Recently neutral beam heating has been successfully demonstrated in the 

laboratory. 12 . Since ohmic heating can come at least very close to ignition, it has been 

assumed in this report that the provision of a relatively small amount of neutral beam 

auxiliary heating will suffice to ignite the plasma. 

Injection 

Experiment and theory are in a rudimentary state when it comes to predicting 

the behavior of a proposed system to inject fuel pellets into a high density reactor 

13 
grade plasma. Elementary considerations of the energy necessary to vaporize and 

ionize the incoming fuel compared to the energy available from the plasma indicate that 

it is not a simple task to transport a significant amount of fuel into the center of a 

reactor's plasma. 

The nominal radius of the plasma visualized for the reactor described in this 

report is 3.2 meters, at first glance a vast distance through which to project a 

particle. However the combination of the assumed parabolic density distribution with 

the toroidal shift of the magnetic surface towards the outside results in an effective 

distance over 

done s~ far 13 

which one-half of the pellet may be lost of only about 50 cm. ~tudies 

indicate that without allowing for any beneficial effects of the magneLic 

field, such penetrations can be accomplished. 

We therefore assume that the magnetic axis can be reached b~ the remains of 

the pellet, and the net equivalent source function distributes the fuel uniformly over 

the cross section. 

Divert or 

There is always one element of a multifaceted task that seems to be the most 

intractable and therefore controls the schedule. In the case of the preparation of this 

report it has been the design of the divertor, and we do not claim that the arrangement 
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described earlier is a final resolution of all the conflicting requirements. In order 

to render wall sputtering harmle~s, it has seemed to us essential to reduce the plasma 

temperature sharply near the boundary and in particular in the divertor region where the 

plasma finally makes contact with the wall. The divertor scrapeoff region is very 

awkward for analysis since it contains a plasma that sees the main discharge across the 

field in a direction where transport properties are severely restricted whereas it sees 

~he divertor chamber region in the direction of the field where transport is fast. It 

is assumed that the divcrtor as described in Chapt~r 6 will adequately perform the 

three functions of a divertor: pumping out the efflux, protecting the main chamber wall 

from bombardment, and avoiding plasma contamination while not permitting an excessive 

erosion rate in. the divertor chamber. 

Useful Wall Lifetimes 

·The divertor may mak_e it possible to eliminate or localize wall erosion due 

·to sputtering, but radiation damaee, and especially helium embrittlement from (n,a) 

reactions, ·will probably be an inherent feature of.any fusion reactor system in which a 

significant amount of D-T reactions is taking place. We have assumed a usef11l lifetime 

of 5 years (40,000 operating hours). We feel confident of this from the point of view 

of swelling, but not from the point of view of creep and loss of ductility. This 

remains a .crucia.l assumption in this work. 

Needed Experiments 

Large Toroidal Confinement System 

The above assumptions concerning pla~ma confinement and ignition rR~uire 

t::!XlH=rlmental testing as soon as possible .if the goal of commercial thern1onuclear power 

is to be achieved on any reasonable time scale. To this end a large machine of the type 

~ost likely to achieve success (a tokamak if built today) should be fabricated of 

sufftcient size that attainment of the Lawson criterion can almost be guaranteed. In 

such a device the confinement time will he long enough for relaLively low power heating 

systems to heat the plasm~ to levels above the ignition conditions needed for a reactor. 

IL has become popular to call such an experiment a "scientific feasibility experiment", 

but in addition to confinement and feasibility, it should also show achi.evement of 

ignition conditions, explore the high pressure dependence of thresholds of rapid loss 

(and allow studies of methods to control·it), and it should show, in the neoclassical 

regime, the bootstrap current and provide u test bed to define how to inhibit or destroy 

it". The importance of trapped ion instability should be assess€1d. 
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Plasma Prototype Experiment 

When a plasma of fusible isotopes is brought_ to the ignition point, a whole 

new class of important experiments becomes possible. Such an experiment would also mark 

an important milestone along the road to fusion power and consequently is of 

consider~ble interest for that point alone. Some have referred to such a machine as a 

"D-T Burner". Although a large confinement experiment using inert 9r moderately 

reactive nuclei (e.g., pure deuterium) can develop most of the necessary knowledge of 

plasma physics, only by achieving ignition plasma conditions in truly reactive systems 

can actual ignition be demonstrated leading to all the important experiments on reacting 

plasma dynamics that the liberation of energetic charged particles within the plasma can 

make possible. This machine would use tritium derived from fission. sources and 

therefore would not 'need to breed its own fue 1. Thus it would be a plasma· prototype 

only and not a power-producing reactor prototype; no effort would be necessary to make 

use of the output power. 

The plasma prototype would nevertheless produce an intense ~eutron flux, and 

a. few seconds .of .. ,operation at full level would render it impossible to service the 

mach.ine by. ordinary experimental laboratory methods. 14 The inner wall would be.come 

highly activated and require remote handling for service. This severe complication 

makes this machine rather specialized in its purpose and not su~table for the main line 

of experimental work that. would be carried out on the large toroidal confinement systems 

dRSCribed in the preceding 8eCtiUU. 

Injection Experiments 

Until recently J.ahoratory plas_mas have been of small physical size or of low 

energy density and usually both. Such plasmas have not been well suited to 

investigation of the depth of penetration of a high velo~ity pellet, one conceivable way 

of fuelling a. reactor. The current tokamaks provide plasmas suitable for these 

e~periments, and they are underway in at least one laboratory. 15 Realistic knowledge 

of practical £uel source functions will eliminate the nee~ for the injection assum~tions 

used in this report. 

Divertor Experiments 

·The divertor seems to be a very important part of the reactor system, and at 

least two different types of experiments are requiI'.ed. 

A poloid'l divertor, or a variety of poloidal divertors, must be operated on 

a tokamak devi~e to e~plore its effectiveness in maintaining the purity of the plasma 
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and in isolating the wall from the discharge. This class of experiments falls into 

current high temperature plasma physics research programs. 

The second class 6f experiments is to explore the low temperature plasma 

effects associated with the· interaction of a plasma stream with a material wall. These 

problems could be most effectively pursued in small, supplementary devices designed for 

this purpose rather than being associated with ·high temperature plasma devices. 

Radiation Damage 

The helium embrittlement problem described above is under active study now by 

a variety of tcchniques. 16 • 17 • 18 The principal method is by irradiation in fission 

reactors; some workers preload the specimen with helium, for example, by alpha-particle 

bombardment in an accelerator. A fission spectrum generates a rather negligible flux of 

neutrons above 8 MeV, whereas the 14.1 !.1eV neutrons from D-T reactions are more 

effective in producing the (n,a) reactions since they generally have thresholds of a few 

MeV. To simulate the actual flux to be expected in a D-T fusion reaction it has been 

19 20 
suggested ' to accelerate tritons and bombard a high density deuterium gas target 

produced hy R. shock wave in n supersonic ga::; jet. Calculations indicate that neutron 

currents similar to those expected in a reactor could be generated by such a device. 

There is no general agreement whether or not fission source experiments can give 

satisfactory answe~s, or if su6h a special purpose accelerator is required. Certainly 

the macroscopic properties developed by a test specimen subjected to an actual total nvt 

of 1022 - 1023 neutrons of 14 MeV would provide very convincing design information for 

the vacuum vessel of a reactor. 

Ml::;eellaneous 

1. Sputtering 

The design philosophy in this study has been to reduce the particle energy at 

the plasma boundary to a low enough value tu avoid the sputtering lifetime issue. In 

practice it may prove impossible to achieve this in a real machine. At least ,pRrt of 

the vacuum structure may be exposed to potentially damaging bombardment. Low 

Lemperature plasma-metallic surface interaction experiments should be carried out in the 

plasma temperature range that appears likely to .be encountered in the reactor 

environment. If neutron sputtering should be important, 2 1 it may be necessary to select 

alloys that are resistant. 
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2.· Fluorine Cross Sections 

Adequate breeding ratios for tritium from lithium seem to be readily 

achievable, but several nuclear cross sections should be known more. accurately for 

purposes of accurate de~ign. For those contemplati.ng the use of fluorine salts, the 

neutron absorption cross sections of fluorin.e are examples where further work would be 

useful in reducing the possible errors in the calculations. 

3. Synchrotron Radiation Spectrum Measurements 

The theory of synchrotron radiation from plasmas "is complicated,22 • 23 and 

little ~ffort. has been made to apply it to realistic reactor 

24 2 26,27 configurations. ' 5 Measurements have been undertaken on laboratory plasmas, but no 

plasmas have yet ·approached reactor conditions. As the ·plasma density and size 

increase, the medium changes from one that is very transparent to strongly absorbing,' 

especially at the· longer wavelengths. Thus a plasma can be ·almost as transparent for 

this class of radiation as for bremsstrahlung, behaving as a body source, or · it can 

bec·ome almost opaque and approach black-body performance as a surface emitter. Th"is 

depends on several parameters, the electron temperature being especially important. 

Greater effdrt.is required in experimental verification of current theor~. 

4. Gas Diffusion in Metals 

The diffusivity and solubility of protium, deuterium, and tritium should be 

measured as a function of tem~erature "in all materials proposed for use in the reactor 

structute. - The accuracy uf tritium inventory .estimates depenrls on knowledge of these 

quantities. 

5. Flibe Heat Transfer Coefficients 

Lithium-beryllium-fluoride, although not selected as a primary heat transfer 

medium in the model described in this report, circulates through the blankeL, and heat 

is liberated and deposited within it and must be removed. A possible design 

modification could result in the flibe being a primary coolant. To allow proper 

engineering design, the appropriate heat transfer coefficients should be measured in ·the 

laboratory. 

6. Others 

As the fusion power era approaches, the engineering tasks required will 

uncover .a great many areas in which research and d.evelopment will be needed. This 

report will have suggested to every reader a number of questions that are still open. 

They will include problems of corrosion, materials compatibility, and u·seful lifetime of 

many of the reactor components. The new vacuum system represents a new industry by 
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itself. Finally, and perhaps the most challenging .. of all, is the development of 

satisfactory maximum field superconducting magnet systems. 

A Look to the Future 

Possible Timing 

The problems that have just been summarized can be classified into two broad 

categories: Plasma physics and reactor engineering. There are many more in the latter 

category, and the traditional attitude has been that no really significant effort on the 

engineering problems is justifiable until the plasma physics has been sufficiently 

advanced to assure the possibility of reactors. In accordance with this conservative 

approach, the programmatic stratP.gy has been to provide a series of experimental 

machines of gradually increasing size evolving in form in response to the experimental 

results. Extrapolation of this procedure resulted in the assumption that a significant 

milestone would be the so-called· Scientific Feasibility Experiment, defined slightly 

differently within the community, but generally accepted to mean the achievement of the 

Lawson criterion at or above the ideal ignition temperature. 28 One such set of 

parameters is: an ion density 10 14 cm-3 confine~ for a time P.xceeding one second while 

maintaining an ion temperaturP. in excess of 5 keV (preferably 10). This is only one 

example of meeting the Lawson criterion; it is frequently erroneously identified as the 

Lawson criterion. Once such a demonstration had been accomplished, one would have a far 

clearer idea of what a reactor would be, and with the assurance that such a system was 

at least possible, one could then approach the practical problems of engineering 

feasibility, and finally face the challenges or economic viability. 

This strategy was logical and consistent with a very limited budget. Today 

there is a considerable impP.tns fr.ir attempting a fa&te1· l;Ulution than might come from 

following that program, and the suggestion has been made of beginning the design today 

of not simply a scientific feasibility experiment, but rather combining it with the next 

step along the road, namely a machtne that would actually produce a net power yield f:rom 

the D-T fusion reactor. This has been called the D-T burner. One accepts a higher risk 

of failure by beginning design before all the experimental information one would like to 

have is at hand in the hope of saving several years of )time in achieving the ultimate 

goal. The present energy supply dilemma and the increasing budgets for the entire CTR 

program make such an approach palatable to many people. 

Whatever the program details turn out to be, and barring the appearance of 

some extremely serious fundamental problem, the end nf this decade ohould find us nearer 
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the answer to scientific feasibility. A decade more of development should allow the 

operation of a prototype or demonstration reactor, and if these stages are successful, 

the fusion power industry should flower at the turn of the century. 

Potential Roadblocks 

This optimistic program for the future could founder by failing on technical. 

or programmatic grounds. The significant increases in funding levels implied by the 

move to larger, more elaborate facilities are essential, and without them fusion power 

will never arrive regardless of how favorable the results of plasma physics experiments 

might be. 

Technical obstacles may occur in either the plasma physics or the-reactor 

engineering. Many of the potential problems described above are amenable to changes iri 

design or modification in approach, but some are fundamental. In plasma physics the 

basic. problem is still with us, namely adequate confinement at reactor conditions. If 

we cannot achieve this (and only large experimental devices can tell us), we cannot 

build a fusion reactor. 

In reactor engineering a variety of unfavorable developments could jeopardize 

the economy of fusion power, but today we see few that have a potential to preclude an 

operable device. Perhaps the helium embrittlement problem is the only one. 

Conclusions 

Controlled thermonuclear fusion, harnei:;sed as described in this report, is 

not a .general panacea for the problems of energy supply to mankind. It is easy to 

exaggerate the advantages of nuclear fusion by claiming that it will provide a great 

abundance of · very cheap power in a perfectly clean and safe manner that nffers ~o 

environmental problems with minimal demands on natural resources. 

promises none of these, it does offer numerous important benefits. 

1. Abundance 

Although fusion 

Fuel supplie~ for the D-T cycle described in ·this report are widely 

distributed and available at negligible cost. Fusion could supply power by this cycle 

(using lithium reserves) for thousands of years. The harnessing of a purely deuterium

consuming fuel cycle would provide a truly inexhaustible fuel supply of worldwide 

distribution. 

2. Low Cost 

Although th~ fuel is essentially:free, the plant is complex and expensive. 

Fusion power is and will remain capital intensive. One.should not expect the real cost 
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of energy ever to become negligible. Nevertheles·s, the success of fusion power would 

establish a primary energy source not subject to cost escalation due to progressive fuel 

shortages. 

3. Environmental Problems 

Because of inherent neutron production, a fusion reactor will not be free of 

radiation problems; however storage of its radioactive by-products is a relatively 

simple task requiring no off-site transportation. Tritium is the only volatile 

dangerous material, and it should not be hard to make its hazard potential acceptably 

small. The principal environmental effect will be due to waste heat, intrinsjc to any 

heat en15ine. 

4. Resource Conservation 

Capital intensive equipment implies heavy use of materials and raises 

questions of availability. The first generation plant described in this. report, with 

its high requ~rement for beryllium, is clearly not suitable as an ultimate design. 

There are also questions about the poteutial suppl.ies of other resources such as nickel, 

helium, and a few others. Because of the wide variety of options available f.or the 

development of fusion power, however, aesign variations can avoid qritical mater~als. 

Ultimately the only resource really consumed.should be deuterium. 

Although fusion power iR not a perfect an:-:;wer to all energy problems, it 

appears to be the closest approach to the ideal of any system so far seriously proposed, 

The contemporary scene has served to demonstrate that the goal nf univoroa.l·a.fflueuce 

can easily be missed. The twenty-first century could ~pell disaster for mankind. A 

solution of the problems of fusion power in this century can assure the primary energy 

necessary for a solution to mankind's dilemma. We can re.iuvenatP. the drea.m of abundance 

for all. 
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Appendix A 

Principal Characteristics of the 

.Princeton Reference Design 

Fusion Power Plant 

I. Plasma and Magnetics 

A. Plasma Configuration 

1. Tokamak with single null poloidal divertor 

2. nominal major radius 

3. nomin~~ minor radius 

4. nominal volume 

5. ~onfining field at centerlinP. 

B. Plasma Parameters 

1. mean hydrogen ion density 

2. mean ion temperature 

3. mean ion confinement time 

4. averagP. B, ma.ximun1 B 

5. average Be 

6. plasma current 

7. ion ratios (D:T: Argon) 

8. nominal safety factor q 

C. Burn Parr.1.met ers 

1. DT reaction rate 

2. tritium hurn\1p per pa::;::; 

3. deuterium fe~d rate 

4. tritium feed rate 

5. argon feerl rate 

6. tritium consumption 

7. burn cycle length 

8. shutdown time per cycle 

D. Coil Descriptions 

1. toroidal field coils 

Nb
3

Sn ribbon, 10 kA/conductor 

1600 km x· 4.5 cm x 0.:1 to 1.54 cm 

f'.43 

10.5 m 

3.25 m 

2190 m3 

6 T 

·5 x 1019 /m 3 

30 keV 

3.8::l seconds 

0. 04, 0.13 

1.83 

14. 6 MA 

(1: 1: 0. 096) 

2.067 

1.22 x io 21 /second 

8.7% 

1.40 x 10 22/second 

1.40 x 10 22/second 

O.l::l4 x 10 22/second 

0.527 kg/day 

·100 min. 

3 min. 

(48) 
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E. 

/ 

315.4 M ampere-turns; 250 GJ stored enerey 

16.0 T peak field 

2. di_vertor field coils 

Nb 3Sn ribbon, 10 kA/conductor 

100 km x 5.0 cm x 0.5 cm 

14.2 M ampe~e-turns 

3. vertical field coils 

Nb 3Sn ribbon, 10 kA/conductor 

220 km x 5.0 cm x 0.5 cin 

33.9 M ampere-turns 

4. control field coils 

Nb
3

Sn ribbon, 10 kA/conductor 

540 km x 5.0 cm x 0.5 cm 

64.0 M ampere-turns 

Cryoeenic System 

1. coil heatine 

from pulsed fields· 

from neutrons & eammas 

thermal conduction 

2 •. refrieeration power required 

3. helium inventory l ti'l'P) 

4. helium loss rate (STP) 

(2 pairs) 

(5 pairs) 

(21 pairs) 

280 kW 

35 kW 

95 kW 

150 kW 

100 MW 

4.55 ·x·105 

8.4 m3 /day 

m3 
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II. Energy and Power Systems 

A. Reactor Power 

1. Origin 

fusion alphas 

fusion neutrons 

neutron capture 

2. n'eposition 

radiation in divertor 

radiation on wall 

nuclear heating 

B. Wall Load 

1. nominal wall area 

(11.0 m x 3.6 m torus) 

2. DT neutron production rate 

3. DT neritron current through wall 

4. total .neutron flux at wall 

5. wall load due to DT neutrons 

6. wall load due to plasma radiation 

C. Helium Cooling 

1. mean pressure 

2. mean pressure dr6p 

3. outlet conditions 

4. inlet conditions 

5. pumping power 

6. helium inventory (STP) 

D. Steam System 

1. energy inputs 

from main steam generator 

from first reheater 

from second reheater 

from helium feedwater heaters 

688 MW 

2752 MW 

1865 MW 

134 MW 

554 MW 

4617 MW 

1563 
2 

m 

21 
J.. 22 x 10 /s 

0.78 X l0 18/m 2 .s 

8.65 
18 2 

X 10 /m •S 

1. 76 MW/m
2 

2 
0.35 MW/m 

50 atm ( 5. 2 MPa) 

2.8 atm ( .29 MPa) 

3. 24 Mg/s @ 6:i8°C 

2.83 Mg/s @ 360°c· 

0.41 Mg/s @ 66°C 

241 MW 

2 x 105 
m

3 

3664 MW 

780 MW 

474 MW 

628 MW 

5305 MW 

5546 MW 



2. energy to turbo-alternator shafts 

to VHP turbine 

to HP turbine 

to IP turbines (2) 

to LP turbines (4) 

3. energy to condenser 

@ 2.5 inches Hg (abs) back pressure 

E. Electrical System 

1. gross electric generation 

2. station service 

helium circulator motors 

cryogenic refrigerators 

cooling tower fans 

miscellaneous 

3. net electricul output 

4. . net efficiency 

F. Cost Evaluation 

1. capital cost 

2. capital cost ··per installed capacity 

3. cost of bus bar energy 

498 MW 

434 MW 

483 uw 

990 MW 

3141 MW 

251 

100 

15 

9 

2405 MW 

2105 MW 

375 MW 

2030 MW 

38.3% 

1215 M$ 

598 $/kWe 

15.2 mills/kWh 
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III. Materials and Design 

A. Fuel Reactions 

1. tritium burnup 0.527 kg/day 

2. deuterium burnup 0.352 kg/day 

3. lithium burnup 1.104 kg/day 

4. beryllium burnup 0.362 kg/day 

5. helium production 10.2 m3(STP)/day 

B. Blanket Materials 

1. flibe: eutectic mixture 

53.1% BeF2 , 46.9% LiF 

m.p. 355°C, 1.898 Mg/m3 @ 800°C 

2. PE-16: austenitic nickel alloy 

43% Ni, 39% Fe, 18% Cr 

C. Tritium Handling 

1. tritons per fusion 

2. hr.eeding rate 

3. inventory 

a) main fuel loop 
' 

(two hour cycle at 

feed rate of 4.21 g/min) 

b) fuel reserve 

(8 hours of fuel feed, 

or· 4 days of hurnup) 

c) dissolved in structure 

d) dissolved in flibe 

e) entrained in helium 

4. doubling time (without compounding) 

D. Vacuum Chamher 

1. nominal wall area 

(11.0 m x 3.6 m torus) 

2. actual' wal 1 area, main chamher 

3. divertor wall area 

4. mass of radiation shield wall, 

vacuum wall, & divertor 

1. 04 (net) 

0.548 kg/day 

0.505 kg 

2.020 kg 

0.030 kg 

0.010 kg 

0.007 kg 

121 days 
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2.57 kg 

1563 
2 

m 

1635 
2 

m 

1080 
2 

m 

204 Mg 



E. Breeding Blanket 

1. ·dimensions: 74 cm thick, 1378 m 3 

2. average composition 

PE16 9.4% 129 m3 1.03 Gg 

Flibe 69.8% 962 m3 1. 86 Gg 

Helium 20.8% 287 m3 905. kg 

:F. Primary Shield 

1. dimensions: 80 cm thick,· 1563 m3 

2. average composition 

Heavy concrete 90% 

Steel 5% 

Helium 5% 

3. total mass 9.03 Gg 

4. dose r.ates 

while oper.at:i.ng 3690 rem/hr. 

while shut down 27 mrem/hr. 

5. biological shield: 2 m additional concrete 

G, Thermal Flywheel 

1. multen FlibP.; 4.94 Gg 

II. Hain Support Structure 

1. total mass of about 4 Gg 
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Appendix B 

The Profiles Code 

Introduction 

The Profiles Code is used to solve numerically the energy transport equation, 

dT 
nk dt 

(B.1) 

and to evaluate the solution of the mass transport equation under the assumptions of 

constant diffusion coefficient and uniform density source. Cylindrical geometry is used, 

and the boundary conditions that are lmposed at the separatrix surface are the solutions 

of the transport equations (temperature and density). The various terms are defined 

below. 

A steady state solution is sought as the asymptotic limit solution of Eq. B.l. 

When this solutjnn is found, the equilibrium condition1 is satisfied at all values of r, 

the plasma radius. It is important to note however, that this condition has been 

generalized to include the non-local effects of energy transport by conduction and 

particle diffusion, (contained in Pt). 

The power terms in Eq. B.l represent the effect of transport phenomena, Pt, 

radiation losses due to bremsstrahlung, Pb' and synchrotron radiation, Ps, joule heating, 

Pj, and the absorption of alpha particle energy, Pa. The trans port losses, 

the assumpLlu11 uf conctant tr:=inRpo:r:-t coefficients, are given by 

based on 

(B.2) 

where the s ummation is over all species yresent. The first term is due to Lhe convective 

transport of energy by the particle diffusion currents 

(B.3) 

and the second term is the conduction energy flux 

-+ 
q - K VT 

(B .4) 

The radiation losses are 

(B.5) 
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and 

p 
s 0.8 x 10-5 p T 3 

b e 

The latter equation is based on an approximate relationship ·derived by Mills2 
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(B.6) 

(B.7) 

In this expression p is the resistivity of the metal wall, and r is the plasma minor 

radius. It is a weak approximation at the operating density employed here (n 2- 2 x la14 ) 

but is sufficiently valid for the purpose of this study. The joule heating term, based 

on the classical resistivity, is 

(B.8) 

while the alpha.particle energy source is given by 

2 
p(l - p) n <ov> Ua (B.9) 

in which p . is the tritium fraction and n refers to the fuel ion density; Ua = 3.52 MeV. 

Boundary conditions have been specified on the separatrix, which we take to be 

circular. This surface is not a physical boundary. Rather, the conditions set here 

express the continuity of the density and temperature (eriergy per particle) and the 

fluxes of these quantities between the reactor plasma (interior to the separatrix), and 

the plasma in the scrapeoff region (exterior to the separatrix) that flows into the 

divertor. ~1r choice of boundary values, 

T e Ti = 0.5 keV 

7 x 1012 
' 

(B.10) 

(B.11) 

was based on the considerations of the divertor plasma given in Chapter 6. Since an 

asymptotic steady state is being sought, an initial temperature profile may be chosen 
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arbitrarily; the dissipative nature of the diffusion process renders the steady state 

independent of the initial data. 

In cylindrical geometry, the steady state fuel density profile is given by 

n . 
. 1 

(B.12) 

where ·a is a parameter used to provide a finite n. (a), a is the plasma minor radius, and 
·1 . 3 

S is the fuel ion sour~e, ioris/cm -sec. We assume that all of the species diffuse at the 

same rate and determine the electron density by the condition of charge neutrality 

(B.13) 

Other than the deuterium and tritium fuel ions, there is a specified fraction of impurity 

ions in the fuel mixture, and the alpha particles produced by fusion reactions must also 

be included. 

Tlie source function for the alpha particles is not spatially uniform,. and 

consequently' the steady state alpha particle density is found by solving 

subject to the boundary condition 

D 17 2 n 
a 

. A Gre·en' s function solutio·n is found~ 3 

r 

=~(in(~)~ 
0 

+ s 
~ 

o . 

0 

The interpretation bf the boundari condition (B.15) is 

(B.14) 

(B.15) 

(B.16) 

(B.17) 



The electron temperature is determined by an empirical relationship, 

T 
e 
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(B.18) 

which accounts for the equilibrium distribution of the thermalized alpha energy between 

the electrons and ions. nA is the density of argon· impurity ions present. This is a 

rough fit to the results uf a program, TETIPAIR4 that calculates the equilibriUl!l 

temperature difference between the electrons and ions in an infinite homogeneous reactor 

plasma with a given amount of impurity. 

Energy Transport Difference Equation 

The energy transporL equation may be written in the form 

where K 

F(T,r,t) 

dT _ l 2 
dt - nk F(T,r,t). + K'l7 T ' 

~fl - p)n
2 <crv> u 

ri. 
+ Tl 

-[(1+ .Sx 

(B.19) 

(B.20) 

This equation, B.20,will be cast in forward time, centered space, difference form on a 

cylindrical grid corisisting cif 56 shells·spaced at equal distances. The radial spacing 

i.s 

fJ.r a 
56 

and the indexing of· the shells is as shown in Fig. B.l. 

difference equation will be stable providect
5 

K' l:.t/(fJ.r)
2 

- C;un~t. < 1/2 · 

(B.21) 

The resulting explicit 

(B.22) 
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I 

lndexj-112refers to midpoint of 

j th she 11 , r
11

z= O 

R 

744381 

F-ig. B. 1 Spatial grid used for 
'profiles code calculations. 
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The finite diffeience form of equation B.20 is 

k N n (Tkn+l - Tkn \= (N )2 <av> p(l 
k tiT J k k 

- .. (1 + 0.8 x 10-
5

(TEk)
3
) (4.85 x l0-

22 NEk~(n~)~ ZR. 
2 

hEk) 

+ \ t kD (1. + '•' L.~i' (Nk+l/2 Tk+l/2 - "k-1/2 Tk-1/2) . 

1 
rktir 

1 
rktir 

+ I K [-
2 

- (T - 'i'k-1/2) + rk
1
tir (Tk+.1/2 + Tk.-1/2)] JI · . (tir)2 k+l/2 

in which the meanings of the new notation should be readily grasped. 

Values taken at (k + 1/2) imply 

2 

similarly 

. Nk-1/2 
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and the.~up~rscript n has been s~ppressed on the.right-hand side of the ~quation. 

The third-diffusion ter~ comes from the treatment of the alpha energy source 

function. The net source in the kth·. shell is the alpha energy generated in that shell 

plus the alpha energy convected into the shell less all of the alpha energy that is 

convected out of the shell. It is assumed that characteristically the alpha particles in 

any shell all possess the same mean energy given by 

where *· T 1s given by 

·* 
1: 

(B.26) 

(B.27) 

~nA being the Coulomb logarithm for scattering between alpha particles.and electrons. 

Treatment of Boundaries 

A~ the center shell, k ~ 1, and at the outermost shell special attention must 

he given to the proper impositi6tl ot buuu~ary ~onditiono. 

By symmetry all fluxes vanish at r = 0, and consequently all terms of the form 

(B.28) 

where F may be N, NE, vanish for k 1. The remainder of Eq. B.23 remains 

unchanged. 

At the outer boundary of the system we set 

Tk+l/2 = Tbound (B.29) 

in the conduction term and apply the global conservation law. 

outer 
bound 

J·dA 

HJ 
volume 

s d\i (B.30) 
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The flux of alpha 

particles leaving the system is found in the same manner, and the alpha particle energy 

characteristic of the boundary is determined by linear extrapolation. 

Calculation Sequence 

The Profiles calculation is initiated by the acquisition of an initial 

arbitrary temperature profile. In addition, information about the characteristics of the 

machine (geometry, magnetic field and total discharge current) as well as the values of 

the transport coefficents are set at this time. 

The ion density profile, alpha source and density profile, and electron 

density profile are evaluated by the expressions given earlier, and the mean alpha energy 

is found. In evaluating the alpha source function use is made of a service routine, 

R~ACT0, 6 
which calculates the reactivity, <av>, of the plasma as a function of T. 

At this point the calculation of T is carried forward in time and iterated 

until sufficient convergence iR obtained. In practice a steady solution was found to be 

maintained to six significant figures for 300 iterations of the code. This solution 

could he run, in fact, until the propagation of the roundoff errors obliterated the 

calculation. The convergHnce of the system was valid locally, shell by shell, as well as 

globally for the system as a whole. 
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1. INTRODUCTION 

2. FUNCTIONAL DESIGN 

Note: The introduction, Figures 1 and 2 and 
Table I of the original document have been 
deleied because they presented a brief description 
of the fusion process and the reactor. These 
subjects are .. covered in more detail in the main 
text of this report. 

Figure 3 shows the basic energy ,balance for.the fusion reactor steam cycle. 

The cycle utilizes a supercritical steam generator following parallel pass high pressure 

and low pressure reheaters. 

An item unique to this cycle is the use of helium heat~d feed water heaters.· 

It is expected that two stages of h~lium.heated feed water heaters will be included in 

the cycle. These heaters are included because of the necessity to cool some of the 

· helitim to 150°F in order to extract a heavy isotope of hydrogel). (tritium) fro·m the helium 

coolant inventory. The tritium diffuses from the flibe throµgh the heat transfer tubes 

into the helium· ~hilst the helium is bassing through the fusion device's coolant 

circuits. 

Figure 4 shows the temperature profile existing in the steam generator. 

Examination of this figure will reveal some significant differences , from the 

hig~~temperatur~, gas-cooled reactor cy6le. 
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First, the helium temperatures ar.e lower than the HTGR because in the case of 

the fusion reactor the metallic coolant circuits passing through the flibe will be 

* constructed fiom stainless steel. This is in order to benefit from the .extensive 

irradiation damage information existing for this material as a result of testing in the 

LMFBR.Program where it is being used as a fuel cladding material.-

Second, the steam pressures and temperatures are higher than the current HTGR 

conditions in order. to. obtain the highest cyc;le efficiency·. These high steam 
---

temperatures, when associated with the lower helium temP"eratures, r·esult in significantly 
'---.........._ 

reduced temperature differences, which in turn increase the heat transfer surfac·e 

requirements for a given duty. 

Third, the cycle uses a parallel pass two. stage reheat arrangement. This 

introduces functional and mechanical complexity which, however, can be incorporated into 

t~t.e.!!-IIL_generator design without significant problems. 

Fow:_th, the fusion reactor uses a metal pressure circuit to contain the helium 
. -· "-

yather than a pre~stressed concrete pressure vessel, which reduces the number of 

constraints placed upon the designer .in the arrangement of the steam generator. 

Figure 5 shows the general arrangement of the steam.generator. Helium enters 

the unit through the upper horizontal ·gas duct and divides,· one portion flows downward 

over the high pressure reheater, whilst the remainder flows upwards over the. low pressure 

reheater. The ratio of gas mass flow over each reheater is controlled mechanically by 

the dampers situated i'n tfie ·cui.i uf the oto:i.m gP.nP.rato!', The low pressure reheater gas 

flow recombines with the high pressure reqeater gas flow in the region above the 

once-through supercritical fluid coil and continues to flow downward over the 

once-through supercritical fluid coil to the bottom of the unit where the gas passes 

through th'e screen and into the axial-flow electrically ·driven circulator. The helium is 

then returned to the fusion reactor through the vert1cai'·and horizont::i.l ducting from the 

circulator outlet. 

In order to maintain capital costs at a minimum, th.e most efficient heat 

transfer surface is used in the form of helical tubihg for the onco-through supercritical 

fluid coil and the high pressure reheater. In the low pressure ~eheater essentially 

straight tubes are to be used in order to minimize steam side pressure drop to maintain 

the economics of. the steam cycle. 

* . Editor's Note: Subsequent to the preparation of this report the construction material· 
was changed from stainless steel to PE-16. See Chapter 9. 
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Feedwater enters the steam generator· at the bottom of the unit through a 

pressure vessel penetration. Tubes from the heat transfer coil are connected to the 

penetration through t~besheets. These tubes include capillaries to form inlet orificing 

to avoid dynamic and static stability problems. The supercritical fluid is heated to 

l000°F whilst flowing up the counter flow helical coils. Upon leaving the helical coils, 

the fluid is directed to an outlet tubesheet and penetration from which it is routed to 

the turbo-alternator. 

The high and low pressure counter flow reheaters operate in a similar manner. 

to the once-through supercritical fluid coil with the exceptio,n that orificing is not 

necessary to maintain stability in thes~· circtiits. 

Statistical analysis of the various parameters a·ffecting the performance of 

the heat transfer surfaces shows that this type of unit can be designed to operate over 

the load range and under conditions where fouling and tube plugging have occurred. 

Non-linearity between the gas flow requirements of the parallel pass reheaters is 

accounted for by the inclusion of a flow damper in the top -of the unit. 

For reasons of simplicity and efficiency of operation, the plant uses a 

constant speed electrically driven _circulator in t_his study. Helium flow variation over 

the load range .. for essentially constant helium.temperatures requ_ires the use.of helium 

gas circuit isolation valves in each circulator circuit. These are very important during 

periods when one module is shut down and isolation is necessary and when the modules are 

operating at different loads. 

Startup of the circulators without disturbing the gas flow distribution in thP. 

reactor is accomplished by use of a recirculation loop. This is accomplished by use of 

thA horizontal duct, which enters the •steam generators above th~ lower once-through 

supercritical fluid coil. From here the recirculation gas is passed down over the lower 

supercritical coil to the inlet to the circulator. Control of the recirculation gas is 

accomplished by operation of .the butterfly valve located in the horizontal duct. 

Figure 6, showing the plant layout, has been 
. · deleted because of later revisions in this 

part of the design. 

Tables 2-4 give· general details of the heat transfer surface in the 

once-through supercritical fluid generator and the HP and LP reheaters. 

( 



Installed Surface 
Number of tubes 
Length 

Steam f:J. P 

Helinm {). P 

Diameter 

Length of Coil 

TABLE 2 

ONCE-THROUGH SUPER CRITICAL FLUID GENERATOR 
Data for One 2300 MWe Plant 

698304 FT2 

2814 
845 FT 

Coil 
Lead ins 
Lead out 
Total 

= 335 
= 330 
=· 100 

735 

6.4 psi 

149" ID outer shroud 

59' coil 

Tube Specs: 1-1/8" OD x 0.185" Norn. Thk. x Incoloy 800 
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Installed Surface 
Number of tubes 
Length 

Stm Side l:i. P 

Helium l:i. P 

Coil Height 

. TABLE 3 

HP REHEAT 
Data for One 2300 MWe Plant 

113,000 FT2 

2440 
101 

= 58 psi (Allowed 70) 

101 x 1.33 
37 

3.7 psi 

= 101 x 4.6 = 12.5 FT 
'37 

Diameter. (ID of outer shroud) 139" 

Tubes Specs: 1-3/4" OD x 0.150" Norn. Wall Thl<. x Iucoloy Boo·- Coil 
1-~/4" OD - Leads 



Installed Surface 
Number of tubes 
Length 

Stm Side /J. P 

Helium /J. P 

Coil Ht 

TABLE 4 

LP REHEAT 
Datfl. :for One 2300 MWe Plant 

91,000 FT
2 

2840 
70 :J''T 

44 psi (Allowed 50) 

1.33 x 70 
3"i 

70 x 4.6 FT 
37 

2.6 psi 

8.7 FT 

HP Side Governs, Use 3.7 psi 

Diameter (ID Outer Shroud) 139" 

Tube Specs: 1-3/4" OD x 0.150" Norn. Wall Thk. x Incoloy 800 - Coil 
2-1/4" OD - Leads 
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3·. MECHANICAL DESIGN 

The steam generator module is contained within a ferritic-steel pressure 

vessel. The pressure vessel is insulated on the· inside using silica insulation and on 

the outside using conventional insulation. The purpose of the insulation is to maintain 

the pressure vessel.at temperatures commensurate with economic material selection. 

The high temperature helium gas flows over the exposed heat.trarisfer surface 
\ 

and its supports. In these high temperature regions the support structure is fabricated 

from high nickel alloy materials. 

The central core pipes, which exist in both the reheater section and the 

su~ercritical core section, act as the main support members. The helical coil heat 

transfer surfaces are supported from the core sections by radial supports. 

The reheaters and the upper portion of the supercritical coil experience very 

significant structural loadings during operation as a result of the combination of 

temperatur,, pressure, and differential expansion exisiing within thesA structural 

members. These structural members are analyzed using finite element, creep fatigue, time 

dependent analyses utilizing modern high-speed computers. 

These techniques are directed towards assuring compliance. with the ASME 

Nuclear Codes. 

A novel feature incorporated into this design is the reheat damper located on 

the top of the unit. The lower portion of the verti6ally actuated operating shaft and 

the conica:l seat ass·embly are all s'ubject to the high ter1'per:,ixure l1ellu111 .;,;wir.:.11mcnt a,nd· 

are fabricated from suitable high nickel alloy material.· '!'he a.ctmniug sl!a.CL J:J.0.55~.s out 

of the pressure· vessel through an externally cooled bellows seal assembly to the remote 

operated electrically driven actuatoi mechanism. 

The helium circulator located at the bottom of the unit is nf single-stage 

axial flow conventional design. The design· temperature for this unit falls below the 

creep range. and utilizes present day. technology. 

The steam/waier conaections to the unit utilize cylindrical penetrations 

connected to the pressure shell through thermal sleeves. Heat transfer. tubing is 

connected to the penetrations via circular tubesheets. The tube to tubesheet joints are 

accomplished using high integrity w~lding techniques currently available. 

4. MAINTENANCE 

Each steam generator will be shop assembled in halves and s.hipped to the job 

site and assembled with a circumferenti·a1 ·field weld; The two halves will permit 
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shipment by railroad to any site with good railroad access. Further, the two halves will 

reduce the lifting requirements to the job site. Should it become necessary to 

completely replace the steam generator, the sequence can be reversed. 

All the heat transfer surface is of helical coil configuration. All the 

circuits are individually lead out to tubesheets, which are thermal sleeved to the main 

pressure shell. Tube ends are accessible from outside the helium pressure vessel by 

breaking a joint just outside the water or steam thermal sleeve. These joints can either 

be welded or use a variety of flnnges according to the preference of the user and 

economics. 

Tube,ends are connel.:ted to the tubesheets with internal bore welds. Tubesheet 

faces are then accessible without need for machining away the tube from inside the tube 

hole. Fundamentally, two types of plugs are available. In the first type, the plug can 

be hollow or solid and driven into the tube hole and sealed by a fillet-weld. This is a 

common technique, which is used with much success in most heat exchangers and steam 

generators to date. 
; 

In the second type, a radiographable internal bore weld and orbital 

weld l.:umbination can secure a cap to a lip trepanned from the tubesheet face. The latter 

is more involved but restores the unit to the original integrity of the manufactured 

product. 

There is no maintenance necessary for the heat transfer surface. 

The unit is internally insulated, there may be a program of insulation 

inspection or thermal couple checking, which would be recommended on a periodic basis at 

the convenience of the plant operator. The exact details and nature of ·this can be 

developed in future activities. 

The unit is equipped with a reheat damper, which is to be set during the 

initial operation. Examination of the expansion bellows seals would be recommendP.cl on an 

annual basis. Likewise, the recirculation damper should be so examined. The central 

core of the ~ntire unit is hollow allowing man access from the operating floor, which is 

above the unit, down through the unit to any elevation. The helium circulator and drive 

motor or turbine can be arranged to be detached and withdrawn from outside the unit. 

Siesmic support guides or snubbers or pipe hangers would be subject to normal 

examination requirements in practice by the utility. 
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reactor core 

Maximuin allowable levels of 

radiation 

Maximum allowable levels of 

radioactive materials 

Maximum burning pulse length 

Maximum cycle time· 

Maximum design temperature 

Maxwellian average fusion reactivity 

·integral 

Mills, R. G. 

Minimum load 

Mining 

Molecular speed ratio 

Multifilament superconductor 

Multistage permeation 

N 

N-squared ignition 

Narragansett Electric Company 

Needed experiments 

Needs for further research 

Neutral beam injection 

Neutral flux 

57 

433 

433 

40 

59 

148 

45 

1,4. 

489 

460 

129 

328 

367 

41 

1 

533 

531 

51,53 

97 

Neutral injection power 43 

Neutral-plasma interaction 91 

Neutron balance 186 

Neutron flux 178 

Neutron source 174 

Neutron spectra 178 

Neutron sputtering 315 

Neutronics 164 

Neutrons . 169 

Nimonic PE-16 150,152,156,165 

Niobium 148 

577 

Niobium-titanium superconductor 

Niobium-3-tin superconductor 

Nominal blanke~ section 

151 

150 

259 

460 

164 

Nuclear waste 

Nucleonics 

Null point 75 

0 

Oak Ridge National Laboratory 

Ohmic heating phase 

4 

41 

4.1 Ohmic heating power supply 

Once-through supercritical fluid 

generator 

Operating cycle 

Operating dehsity 

Operation at reduced power 

Operational procedures 

Oxygen fractions 

Parameters, plasma 

Parameters, reactor 

PE-16 

Pellet injection 

Perkins, H. K. 

Personnel hazards 

Plant characteristics 

Plant efficiency 

Plant layout 

Plasma and magn.etics 

p 

Plasma characteristics 

Plasma conf igur at ion 

Plasma confinement 

Plasma control 

Plasma density 

Plasma density profile 

Plasma design profile 

Plasma parameters 

Plasnia properties 

and 

567 

40 

51 

489 

477 

46 

543 

543 

150' 152' 156 •. 165 

43 

1 

432 

10 

control 

287 

278,459 

543 

24 

543 

531 

24 

43,543 

133 

28 

28,40,543 

24 



578 

Plasma resistance 

Plasma turbulence 

Plasma-wall interaction 

Pollution 

Poloidal divertor 

Poloidal field 

43 

25 

88 

Power available for ignition 

Power densities 

460,473,474 

75 

138 

43 

198,220 

Power production 

Power, cost of 

Power flow diagram 

Power, internal requirements 

Power, .reactor 

10,484 

519 

548 

286 

546 

Price, W. G_, Jr. 

Primary fractionator 

Primary fuel loop 

1 

368 

364 

Princeton Plasma· Physics Laboratory' 4 

Principal characteristics 

PROFI.LES code 

Pseudo-classical diffusion 

Pulse duration limit 

Pulse length 

Pulsed field coils 

Pumping speed 

Q 

543 

552 
.. 27 

60 

40 

341 

85, 120 

Quasi-steady fuel ion density 

. profile 126 

61 

62 

Quench point 

Quenching pericid duration 

R 

Radial field instability 

Radiation damage 

Radiation exposure 

Radiation levels 

Radiation losses 

Radiation shield wall 

Radioactive materials 

334 

200' 291, 355·, 535 

209 

435 

552 

220 

436 

Ra~ioactive release 

Radioactive waste 

Radioactivity 

Random walk 

Rate of change of flux produced by 

external coil systems 

Reactor coolant system 

Rea.ctor diffusion coefficient 

Reactor heat transfer 

Reduced power operation 

Refractory metals 

Refrigeration requirements 

Reignition procedures 

Rejected heat 

Resource use 

Rose, D. J. 

Rupture of a helium coolant line 

Rupture of a main duct 

Rupture of a main steam line 

Safety of operation 

Scrapeoff flux 

Scrapeoff plasma 

Scrapeoff region 

Segment change. 

s· 

454,456 

212,460 

205 

24 

68 

219 

61 

217 

489 

148 

352 

40 

17 

470 

1,2,127 

438 

442 

445 

432,456 

75 

83,84 

31 

502 

Segmentation• 4~J 

Self inductance of the discharge 43 

Separatrix 75 

Separatrix surface 28 

Shen th 106 

Shield 16,168,550 

Shielding blanket 

Shift 

Shutdown of plant 

Shutdown of plasma 

Shutdown vrocedure 

.sieverts' law 

Sokolosky, K. C. 

Solidif ield fuel 

Source function 

168,271 

127 

490 

40,62 

62 

412 

1 

126 

61 



Special shield 

Spitzer, L., Jr. 

Sputtering 

Sputtering-coefficients 

Stainless steel 

Startup 

Steady state power reactor 

Steam cycle 

Steam cycle startup 

Steam generators 

Steam system 

Steiner, u. 
Stellarator 

Stored magnetic energy 

Stress, superconductor 

Structural material 

Structural problems 

Structure, main support 

Subsonic flow 

Superconducting magnets 

Superconducting material 

Superconductivity 

Superconductor 

Super~onductor stress 

169,204 

2 

300,535 

293 

148 

357,477 

40 

562 

481 

280,281,564 

283,546 

195 

2 

60 

338 

148 

291 

550 

88 

323 

328 

2 

150 

338 

334 Superconductor thermal stabilization 

Supersonic flow 84, 119 

194 

150,295 

SWAN code 

Swelling 

Synchrotron radiation 

Synchrotron radiation spectrum 

measurements 

T 

TCAP code 

Tearing modes 

Temperature of plasma 

Temperature of plasma boundary 

Temperature of plasma in divertor 

Tempera.t.11:re p:rofj_J..,. in steam 

generator 

27,45,99 

536 

205 

28 

32 

103 
15 

562 

579 

Temperature stability of the chosen 

operating point 

Tenney, F. H. 

Thermal efficiency 

Thermal pollution 

Thermal power 

Thermal stabilization 

Thorium 

Time history of plasma parameters 

and discharge current 

Tokamaks 

Tonks, L. 
Toroidal field 

Toroidal field coils 

Toroidal magnetic field mirrors 

Toroidal shift 

Transport coefficients 

Transport losses 

Trapped particles 

Treatment of boundaries 

Tritiated water 

Tritium breeding 

T.ritium breeding ratio 

Tritium, dissolved 

Tritium distribution and leakage 

Tritium doubling time 

Tritium escape 

Tritium fraction 

Tritium handling 

Tritium inventory 

70 

1 

287 

17 ,473 

259 

334 

20 

40 

4 

127 

138,149 

324,543 

25 

28 

30,552" 

552 

25 

558 

465 

148 

169,190 

426 

411 

16,169 

17,465 

45 

549 

428,549 

Tri.tium le.akage 

Tritium loss 

17,424,429,434,465 

429 

Tritium mapping 

Tritium migration 

Tritium permeation 

Tritium processing system 

Tritium release guidelines 

.. Tube midwall temperature 

Tuhe t.empe:r::i.t11ri;>s 

Tube wall corrosion 

Turbine-generators 

Turl:iulen·ce 

424 

412 

416,429 

395 

411 

270 

257 

257 

283 

28 



. 580 

u 

University of Texas 

Universiti of Wisconsin 

Unsolved prob~ems 

Uranium 

v 

Vacuum chamber 

Vacuum closure 

Vacuum pumps 

Vacuum system 

Vacuum wall 

Vapor pressure and melting 

data 

Vapor pressures for argon 

.:vertical field 

Vertical field coils 

Volt-second rating 

w 

Wall absorption 

Wall absorptivity 

Wall erosion 

Wall '1ife 

Wall load 

Wall load variation 

point 

4 

4 

526 

20 

549 

503 

121 

75, ll9 

229,291 

372 

368 

28,139 

80, 139 

40 

27 

45 

91 

:d!H; !:>::$::$ 

178,186,546 

256 

Waste disposal 460 

Waste heat· 17 

Westinghouse Electric Corporation i 
Westinghouse Power Systems Co. 288,524 

·X 

X-rays 220 

\ 



1. Vacuum Chamber 18. Cryogenic System 

2 . Blanket 19. Maintenance Hot Cell 

3. Primary Shield 20. Polar Crane 

4. Divertor Chamber 21. Reactor Containment 

5. Vacuum Pumps & Exhaust Manifold 22. Steam Generators 

6 . Control Field Coils 23. Hot Helium Supply Header 

7. Toroidal Field Coils 24. Cold Helium Return Header 

8. Poloidal Field Coils 25. Very High Pressure Turbine 

9. Liquid Helium Tank 26. High Pressure Turbine 

10. Toroidal Coil Support Cylinder 27 . Intermediate Pressure Turbines 

11. Fuel Inj ector 28. Low Pressure Turbinec 

12. Biological Shield 29. 3600 RPM Generator 

13. Blanket Helium Outlet Heaqe;r 30. Steam Lines 

14. Blanket Helium Inlet Header 31. Feedwater Heaters 

15. Helium and Flibe Lines 32. Feedwater Treatment 

16. Flibe-TF Disengagers 33 . Cooling Towers 

17. Flibe Storage Tanks 



• 

....------LEGAL N 0 TICE------. 
This report was prepared as an account of Government sponsored 

work. Neither the United States, nor the Commission, nor any person 
acting on behalf of the Commission: 

A. Makes any warranty or representation, express or implied, 
with respect to the accuracy, completeness, or usefulness of the 
information contained in this report, or that the use of any infor
mation, apparatus, method, or process disclosed in this report may 
not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for 
damages resulting from the use of any information, apparatus, method, 
or process disclosed in this report. 

As used in the above, "person a cting on behalf of the Commission" 
includes any employee or contractor of the Commission to the extent 
that such employee or contractor prepares, handles or distributes, or 
provides access to, any information pursuant to his employment or 
contract with the Commission . 






