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I» Pfcflaee 

OB June 1, 19^9, the Division of Beactor SeveXopsent's S?mlaatioB 

and Planning Bxanch fozmed a special study grot^ to tmdertake the task of 

establishing a ten-year pirograa for clvlllaa power reactor developwnt. 

The scope of the study enconpasses tiaie following areas: 

1. Delineation of the specific objectives of the over-all Atonic 

Energy Coanaissloa civilian power reactor prograa. 

2. Delineation of the specific technical objectives of each reactor 

concept* 

3. Preparation of a chrcmologlcal developnent prograa for each 

reactor concept. 

k. Evaluation of the econoolc potential of each reactor t^pe. 

5. Delineation of a program to encourage the developnent of 

promising new concepts and reactor types, as well as a&ior modifications 

of existing concepts. 

6. Establishment of yardsticks for m^tsurlng the rate and degree 

of development on each reactor l̂ p̂e. 

Bie results of "ttiis work are to be used as a basis for the following: 

1. Policy review by the Comisslon. 

2. Program direction trcm the Division of Reactor Development to 

the Operations Offices. 

3. Authorization and appropriation requests (FT I96I and subsequent 

budgets). 

k, Bvaluitlon of new concepts with respect to program objectives 

and their Integration into existing jorograms. 

5* EstiSjllshlng criteria for measuring and evaluating the progress 

of reactor programs. 
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6. Determining the relative degree of emphasis to place on 

vazlotis raJKctor systems. 

!Ehl8 evaluation enconpassed civilian power reactors rated at 23 MME 

or larger and the esqperlmental facilities and t^awajKik and development 

related to advancement of the technology for civilian power reactors In 

this size range. Non-electric power generation reactors or mlUtary 

reactors weire not Included in this evaluation. 

Ibe full time meoibers of the Atonic Energy Comalsslon evaluation 

study groc^ were: 

H. E. Vson, Evaluation and Plaoning Branch, Division of Reactor 

DevelopBent 
E. D. Jordan, " 
I. E. Jackson, " 
J. J. King, 
B. H. KE^n, Office of Operations Analysis and Forecasting 

R. B. Stuairt, Division of Finance 

The results of the evaluatloa are presented In a series of four 

reports. This repoirt,(Fart I) of the series, sunaarlzes the slgnlfleant 

results of the dpnprehenslve effort to determine the current technical 

ant economic status for each reactor concept la the ClvUUtaa Power Reactor 

program. Fart II is a separate report entitled "Economic Potential and 

Developmsnt Program." Fart III is the series of reports entitled "Technical 

Status" for each reactor -^e (8 separate reports). Pazt Tf iODX b« 3 

'̂ e<̂ in.e-progra»̂  reccmmendatloraa'for ̂ ach reactor "^e* - . 

This sumnaiy report (Fart I) is based upon, and summarizes the 

detailed infOzmatlon in the status regort (Fkrt III). 

The individual technical status x«ports (Part H I ) are to be edited 

and pabliiA»d by tto Atomic Energy Conmlsslon fogr distribution (TID-M-300). 

Uto purpose and objectives of the clvlllaa power program are based 
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primarily on previous Commission policy. However, these objectives have 

now been modified or expanded to quantitatively define such general state­

ments as high fuel cost aireas, short i^mge and long range objectives, etc. 

In addition, the reactor types have been grouped into one of three different 

categories or classifications. Each category of reactors is associated with 

a specific program objective or objectives. 

The Division of Reactor Development requested the assistance of the 

national labozatorles and industrial or^uaizations to accxxmulate the technical 

and economic status of each reactor type. This work was carried out under 

contract to the Atomic Energy Coimnission and under the supervision of 

Atomic Energy ComDlsslon personnel. The names and affiliation of the key 

contz*actor personnel assisting in this work are listed In Appendix I. 

The economic data initially reported by the contractors reflected 

different design philosophy, different pricing policy and in some cases, 

a technology not consistent with the Atomic Energy Commission ground rules. 

The Division of Reactor Development therefore requested the eo^hitect 

engineering firm of Sargent and Lundy to ui^ertake, under Commission contract 

and supervision, the task of modifying these costs, where necessary, to a 

consistent cost basis. This Included the use of coinparative cost for 

similar equipment, such as "like turbines" and components, the use of the 

same percentages fbr overhead cost and indlrects, fuel cost consistent with 

Atomic Energy Commissicsi specified fabrication cost and irradiation levels. 

Sargent and Lundy provided the Atomic Energy Commission with a revised set 

of coat curves for each reactor type that reflected the cost differences 

between plants, due to the irdierent technical characteristics pectiliar to 

the concept and the stage of technological development. The modified cost 
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curves are shown in this report. They represent Hke Division of Beactor 

Development estimate of the cost associated with current technological 

status and do not necessarily coincide with those presented by the con­

tractor. The procedure used and the cost basis are shown in Appendix II. 

Sargent and Lundy was asked by the Coomission to prepare a curve 

of power cost for fossil fuel plants over the range of 2^,000 io 32^,000 

KNE. They were also asked to escalate the cost of the fossil fuel 

through 197^* The results of Sargent and Lundy's work are represented 

by the fossil fuel curves in this report. The details of this work are 

provided in Sargent and Lundy Report No. l^Sk, entitled "Projections of 

Cost for Conventional Power KLants". 

The sumtnary material presented in this report on the general 

engineering and development programs that support the power reactor 

development, but which are not directly related to plant construction, 

were pirovided by the Nuclear Technology Branch, Division of Reactor 

Development. 

The total civilian power reactor program costs have been obtained 

fr(̂ i the budget and cost records of the Division of Reactor Development. 

These totals include the cost of specific research and development and 

construction for each reactor type, as well as the cost of the general 

nuclear technology program. Also Included are the At(»od.c Energy Commission 

and industrial costs associated with each cooperative arrangement project. 

No cost figures are included in this report showing the investment of 

private industry in non-cooperative arrangements projects. 

This report is based on demonstrated technology. This somê diat 

penalizes a relatively new concept in a coniparlson of current status but 
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this "relative position in time" disadvantage should be offset idien the 

conpaarlson is made on the future potential. Eowever, it must be recognized 

that the data on systems backed by operation and construction experience are 

on a sounder basis ihan those systems that have not yet reached this period 

In the development sequence. 

This volume covers all major reactor conc^ts that are currently 

being deŷ '̂ pftd under the civilian reactor program. A nuniber of other 

concepts such as fluidized beds^ spectural shifty etc* are not included 

because -ttiey are assumed to be "new concepts" with insufficient data 

presently available to qualify as current technology. 
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m . Objectives of Civilian Power Reactor Program 

A. fturpose of Program 

The basic purpose of the Atomic Energy ComBd.ssion's Civilian Power 

Beactor Program is to establish and maintain the Uhited States in a position 

of world leadership in the develoimient of nuclear technology for civilian 

Power application. 

The objectives to achieve this purpose are delin^ited in the following 

paragrai^s. 

It 

B. Objectives of Program 

The specific program objectives are listed below: 

1. The achievCTient of nuclear power generation costs that are ccna-

parative with power cost of fossil fueled plant on an equivalent station 

design basis, in hig^ energy cost areas in this country by 1968. High 

energy cost ax>eas are defined as those idiere the cost of fossil fuel is 

35 cents/million - BTU's (on 1959 cost). 

2. The achievement of nuclear power generation costs that are com-

peoative with fossil fueled plant cost on an equivalent station design 

basis in all but the low energy cost areas by 1975* Low energy cost ar^ts 

are defined as those ̂ ere the cost of fossil fuel is 25 cents/million 

BTU's or less (on 1959 cost). / 

3. The successful development of breeder type reactors that will 

serve as a source of plutonium and \iranium 233. This type of reactor offers 

the potential of full utilization of the latent energy in both uranium and 

thorium. The primary objective is to develop those systems that offer the 

best potential of breeding. A second objective is to develop a breeder i^stem 

that will also prodiice competitive power. The significance of stockpiling, 

or the potential value of plutoniimi and U-233, are not yet clear enough to 

*See î ppeadix III for eaqplanatlon of terms used in objectives. 
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9valtiateJ'tfai8.conodptoStrî lyL.oit:ithe-.b&sis.?ofiita{u>t̂ tlal:aa a pî oducer 

of econcnaic power. 

k. The successful development of a reactor type that can operate 

independent of a continuous feed of enriched fuel, i.e. diffusion plants 

or sq;»arate breeding reactors. The prime objective for developing this , 

reactor type is to obtain low power generation cOst; however, there are twp^ 

other basic objectives, i.e., the conservation of fuel reserves by burning 

natural uranium; and to assist friendly foreign nations who desire to be 

independent of this country as a source of enriched fuel, in the development 

of nuclear power technology. This class of reactors would utilize natural 

uiranium as a fuel or operate on a self-sufficient (after initial spiking) 

recycle basis. 

A fundamental role of the Atcmdc Energy Commission, in pursuit of 

the above objectives, is to develop a broad technology -Oiat can be used by 

the nuclear industry and the electric power supplier, in the achiev«B^t of 

economic power generation with nuclear reactor plants. 

There sure several different reactor types that offer the potential 

of achieving one or more of the program objectives. Ihe various reactor 

types are divided into broad categories in the following paragraphs so that 

they can be identified and coiiQ>ared in perspective to the specific objective 

for which they offer the most potential. 

C. Objectives of Sjpecific Reactor ̂Î rpgs 

The Comisslon is actively engaged in research and development and 

plant construction on the following reactor types: Boiling Water; Pressur­

ized Wiatcor; OrgHiile Cooled; Sodium Graphite; Gas Cooled; Fast Breeders; 

Thermal Breeders; Heavy Water Moderated; and recycle reactors. These reactor 

types can be divided into three distinct categories and the basic objectives 
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delineatedl for each category. The categories are: 

1. Thermal Converters. The primary objective of this class of 

reactors is to achieve economic nuclear power in high energy cost areas 

by 1968. The reactors in this category tSuaaJA be suitable for central 

station aqppUcatlon in a size ran^ of 25 MHE to 200 MIS or larger. 

The reactor types that fall into Idxis category are: 

a. Pressurized water reactors 

b. Boiling water reactors 

c. Organic cooled reactors 

d. Sodium graphite reactors 

e. Gas cooled reactors, utilizing enriched fu^ 

2. teeeder Reactors. One objective of this class of rwwtors is 

to obtain a breeding ratio greater than unity as well as having a reasonable 

douâ ling time. A second objective is to obtain a power cost coiq^tltlve 

with fossil fueled plants. The reactor types falling into this category 

axe: 

a. Liquid metal cooled, fast reactors 

b. Fluid fueled reactors 

c. Hetero^neous - thorium fueled reactors 

3. Hatuaral Uranium Fueled and R«;yele Reactors. The prlmeury 

objective of this class of reactors is to achieve a power reactor capable 

of self sustained operaticm Independent of a separate source of enriched 

fuel, A second objective is to obtain pc^er cost competitive with fossil 

fueled plants, ^ e reactor -t̂ pes falling into this category are: 

a. D2O moderated, natural uranium reactors 

b. Gas cooled, natural uranium reactors 

c. Reactors capable of self sustcdned recycle 
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Each reactor type has been assigned to a category that has an - ,'>.i 

objective lAilch is consistent with one or more of the program objectives. 

!Bii8 will enable a specific reactor type to be evaluated against a . ... ^ 

fundamental program objective and in perspective with other realtor 

types conpeting for the same objectives. . ? 

D. Technical Objectives 

At this stage of the technology it Is difficult to delineate the 

specific technical objectives or goals"fOr each reactor type that, if 

reached, would lead to competitive power. This Is coiopllcated by the 

fact that the technical objectives are in many cases significantly 

different for each reactor type. It is possible, however, to state the 

broad technical objectives coomon to all reactor types ̂ Ich offer the 

pot«atial of lower power generation cost. The manner in \dilch these 

objectives will be approached is dependent upon the unique characteristlca 

of each reactor type. Ifore specific technical objectives are dellne8.te<L̂  , 

in detail in the program for each specific reactor type. Ttie significant.. 

technical objectives that offer promise of meeting the program objectives 

are: 

1. To Increase the Thermal Efficiency of Nuclear Plants. Higher 

plant efficiency will reduce the reactor thermal power required and the 

amount of fissionable saterial bumup required for a given power output. 

Achievement of this objective offers the potentieQ. of reducing capital 

and fuel cycle cost. Hl^er plant efficiencies require higher coolant 

exit teoperatures and higher operating temperatures for the fuel elemmits., 

There is an optimum teoperature, beyond which additional Increases will 

reduce fuel life and increase the fuel enrichment (due to the use of high 

"h 
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toqterature structural material in the clad and core) to the point lAiere 

these factors may offset the economic gains due to the higher cycle 

efficiency. This optimm temperature will vary with reactor type and 

coolant. 

2. To Ototain Lower Fuel Cycle Cost. A fundamental method of re­

ducing fuel cycle cost is to iMCTreaae the irradiaticm period fpzr the. f̂ el.̂  

This requires a large amount of excess reactlvl^ in the ̂reactor at be­

ginning of core life and presents basic reactivll^ control problems fo^ 

systems with relatively low average conversiosi ratios. Long irradiation 

periods also require more enrichment In the initial fuel load. Tte 

realizatlcm of this objective depends vqpon developing more effective control 

mel̂ iods and fuel osnagemait programs. Ixme/sr fuel expostare also d̂ aapds/;,̂ ,, 

the developraerst of fuel materials and tladdingsTthat will maintain mechanical 

and nuclear Integrity over the anticipated fuel lifetime. 

Lower ftiel inventories, lower cost fuel fabrication skethods and 

- cheaper choiical reprocessing will also lead-to lower fuel cycle costs. 
Power 

3. To Obtain H i ^ Specific Power in the Fuel and Hifigier/Densitŷ  

The successful achieveaMnt of hi£^er specific power in the fuel and high 

power density in the core offer the potential of reduction in power cost of 

nuclear plants. The optimum value of specific power that is economically 

desirable, is a compromise between such factors as further sabdivislem 

of the fuel which results in hl^er fabrication cost and the economic gain 

due to a reduced core volume. The optimum econcmic power density is a 

f^mctlon of reactor l̂ rpe, ftiel material, core power distribution, fabrica­

tion cost, heat transfer considerations, and other variables. 

k. To Obtain Better Neutron Economy* The cost of power from 

nuclear x«actors can be reduced by obtaining a better neutron economy 
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in the core. This objective centers around the obtalnment of a higher con­

version ratio, i.e., an Increase In the number of atoms of fissionable 

material (plutonltmi or U-233) prodviced per atom of fissionable material 

destroyed. The principal gain will be the extension in reactivity lifetime. 

5. To Obtain Simplicity In Nuclear Plant Desltqi. The capital cost 

of nuclear plants can be decreased in the folloulng maimer: 

a. Use of conventional or less expensive materials in con­

struction wherever practicable. 

b. Simplification of plant design 

c. Iaq>roved and less expensive methods of containment 

d. Reduction in number and complexity of atocillary system 

requirements 

e. Development of reliable components that do not require undue 

rigid specifications 

f. Improved understanding of reactor hazards 

The successful accon^llshment of the above technical objectives 

will be initruments in reducing power generation cost from nuclear 

reactors. 
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IV 

A. Thermal Converters 



IV. status of Civilian Power Reactors 

A. Thermal Converters 

The reactor types that are classified as thermal converters are: 

1, Pi^ssTorized water 

2, Boiling water 

3, Organic cooled 

1|. Sodium graphite 

5« Gas cooled (enriched fuel) 

The primaiy objective of the thermal converter class of reactors 

is to develop a plant capable of producing electric power at a cost that 

is con̂ etifcive with fossil fueled central station plants, A coirposite 

curve showing the power generation cost of thermal converter reactors vs, 

coal fired plants is presented in Fig, 1» The cost data is based upon a 

"reference design". This reference design is representative of one that 

might be built without additional research and development based upon 

current technology. Plant construction would require approximately 

3§ years. It would require an additional 3 years to reach equilibrium 

on the fuel cycle. Therefore the cost associated with current technol­

ogical status (as defined for this report) would be realizable in 196k 

or 1965. The technical status of each reactor type included in the thermal 

converter class is summarized in the following pages of this section. 
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POWER GENERATION COSTS 
THERMAL CONVERTER REACORS 

vs 
COAL-FIRED PLANTS 

SINGLE UNIT STATIONS • 1959 COSTS 
RATING AT I I / 2 " H6. 

NOTES: 

NUCliAR • 
BASED ON 1959 STATUS REPORT 

LOAD FAaOR 8 0 % 
FIXED CHARGES 1 4 % 
URANIUM USE CHARGE 4 % 
PLUTONIUM CREDIT $12/GM. 

COAL • FIRED -
BASED ON SL - 1564 SUPP. 2 

LOAD FACOR 7 0 % 
FIXED CHARGES 14% 
FUEL COST 350/10'BTU 

150 200 

E M W - NET 



1. rBESSOORIZED WAIE!R REACTORS -r 

a. Description. The pressurized vater reactor is a hetero^neous 

fueled, thermal reactor that uses li£^t vater as moderator end coolant. 

The systan utilizes an intejrmediate coolant loop betwe^i the reactof ind *-

tuzblne, Bie vater in the primary coolant loop is maintained under hl|^ -

pressure to Iceep the bulk teiq[>e3rature of the coolant leaving the reactor 

belov the saturation temperatTire during noznial operating conditions. A 

siapllfied fLov diagram of -the pressurized vater ireactor plant is shovn 

in Pig. 2. 

b. Technical Status. The basic technology of the presstirized vater 

c<mcept vas developed for Naval Reactor Plants. Moch of this technology In 

fi;^s and materlsuLs has also served as the basis for the irapid advance of 

other concepts such as the boiling \mter reactor. No other reactor concept 

has a ccm3>arative depth In technology and operating experience as the 

pressurized witer reactor. Sufficient x^search and development and operating 

eâ perlence has been perfon^d to arrive at the follovlng conclusions on 

technical status: 

,(l) Physics. The basic jdiysics of pressurized vater reactors 

is veil knovn. The theory of neutron sloving dovn and transport has been 

developed, Absozptlon cross sections in the thermal neutron energy range 

have been measuired for all materials of Interest. Measurements have been 

made over the entire energy rai^ of Interest for fissionable and maj6r 

moderator and structural materials. Ifowever, accuracy and resolution leave 

much to be desired. Considerable effort is nov being made to improving ^ e 

accuracy and precision of already measured values. A large nualser of one 

and tvo dimensional moltigroup diffusion theory compiter progrê ms haV-is 

been developed at many sites vlthln this country. Several transpOirt theory 

- 9 -
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coaputer programs have also been developed. Simplified fuel depletion 

studies have been developed and are in use. 

The major z>eactor experiments applicable to pressurized 

vater pover reactors have been done on single region, vater moderated, 

rod lattices. 

At piresent, reactor pliysics escperimental data exist on: 

(a) Aluminum clad UOg of l*yf) enrichment. 

(b) Stainless steel clad UO2 of 2.?, 4.0, and k.k3$ 

enrichment vith vater to uranium volume ratios 

Of 2.19, 2,93 and 3.87. 

(c) Tvo region critical experiments vith stainless 

steel clad and UO2 fuel of h,kjf> and 2.7^ enrich­

ment vith a vater to uranium volume ratio of 2.93* 

(d) U-235 02-im02 lattice vith U-233 substituted for 

U-23^ in selected elements. 

Work is currently under vs^ on three region ciritlcsQ. eixperi-

ments vith stainless steel clad UO2 of 1.6^, 2.7^ and k,kyjl> fuel enzlchoeht. 

These es^eriments on multiregion lattices vill be of great assistance in 

studying flat pover distribution reactors. 

Althougb there is a large and groving amount of data on unifom 

UOg-vater lattices, this information is often Insufficient to optimize 

precisely a practical reactor design. Practical reactors contain many 

more Inhooogaielties (usually of a thoree-dimensional nature) than have 

been present in most of the U02-vater experiments. The ability to handle 

iDhomogenelty effects is important in predicting crlticallty, control of 

rod worth, temperature coefficient and pover dis°tolbutlon. Adequate 

methods for dealing vith this problem are being developed, but much vork 
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\ 
Is stUl to be dcme. 

To date, control concepts such as use of chaaical control and 

burnable poisons have been confined to small, h i ^ airichmait reactors. 

Some lnfoi:B»tion is available and aî plicable to the dê sign of lov enrich­

ment pressurised mter pover z'eactors. liethods of analysis for fuel 

cycling studies have been developed, but in small detail. 

The precise conditions for xenon oscillations are not 

"̂ loroû hly understood. Hov this instabilil^ can be avoided or vhat 

operati<»ial methods are best to handle it are questions that are only \ 

beginning to be ansvered by building, operating, and ejgperimenting vith 

large reactors ̂ Ailch contain such instabilities. 

Slas>llfied methods of analyzing operational transients and 

reactor accidents hove heea develcqoed at most reactor facilities. Eacperi-' 

mental voric has been performed by Ihllllps ̂ troleum in the SPBRT experi­

ments and by Argemnft vltii the BORAX escperiments. Detailed explsnatlons 

of the veurious phencnaena from the theoaretical standpoint are not yet 

available. 

It is nov ajjparent that a cold critical experlBKnt may leave 

an uncertainty of as much aa t "^ Ak/k in the hot reactivity. This is due 

in part to the Inabillly to handle 2 and 3 dimensional inhomogeneitles 

as a ftmction of reactor temperature and in part to the tmcertainty in the 

detailed depwKlence of the resonance integral of U-238 on temperature and 

sux>face to mass ratio. The fuel contribtrtion to the teraperature coefficient 

Is ftirther complicated by the lack of precise information on temperature 

distribution throughout a î eactor core. 

(2) Fuel and Materials. Extensive development vork has been 

competed oa 002 fuels. This vork has demonstrated UO2 to be dlmenslonally 
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stable, easily fabricated, chemically compatible for vater systems, and 

to possess acceptable retention properties for fission gases. These 

properties have been Investigated under severe radiation conditions both -

as reactor fuels and in In-plle test loops. Small saaq^e tests at bumups 

of greater than 27,^00 MHD/MT have been performed on IK)2 rods at various 

heat flaxes. Recent loop experin^nts (CRVN) at Chalk River have deaonstirated 

60,000 IMD/MT irradiation of UO2 platelets. Fission gas retention has been 

shovn to be a fimction of UO2 density. For high d«islty material (93^ - 9^% 

theoretical) expezlmoital evid^ice shovs adeqiiate retenticm to prevent 

developooit of excessive internal pressxire. 

The pliyslcal properties of UP2 have been reasonably veil 

established for the types and grades of UO2 currently manufactured. Hov-

ever, a good correlation of measured idiyslcal characteristics vith fabric-

ability has not yet been established. The preparation of UO2 povders and 

the tectaaology for fabzlcation of high density (97^ theoretical) sintered 

pellets and platelets has been demcmstrated althou^ it is not veil 

developed* 

The major undesirable property of IK)2 for fuel use is its lov 

Idiexmal conductivity. Vork is tmder ve^ to investigate oidier compoimds, 

uranium silicldes for exaasgl^, that shov Bome promise of consldexubly 

better theinal condactlvltles and peziiaps adequate other properties. 

The developmoit of cladding materials for pressurized vater 

reactors in the past has been primarily limited to the evaluation and 

developnent of el&er stainless steels or zirconium alloys. Tte feasibility 

of stainless steels from the standpoint of fabrlcatl<m, corrosion and 

cheaical coBpatlbillty, and resistance to radiation damage has been 

established. The major disadvantage of stainless steel is its relatively 
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hi|^ neotrea aksoxption cross section (about 2.7 bams). 

The desire to develop a lover cross section material for 

reactor use led to i3a.e extensive developBRit program for zircaaltmi and 

the deveXopsent of the Zircaloys. Zirceostiisa technology has been 

adeq]aate3y> developed to ti^ point of its practical utilization as a 

ftel cladding material. At the temperatures of̂  the piressurized vater 

reactor its farther utilizatlcm is hindered primarily by economic 

coQSlderstl(»is<' and to a lesser degree by the progressive nature of the 

corrosion that; can occur in case a£ a claddiag defect in a vater enviiron-

mmt. Some vork is under vay to develop nev zirconium alloys, such as 

Zr-R) or Zr-Vb^Sa, that promise better strength characteristics at 

elevated temperatures. 

Derelopmait vork is under ̂raor to establi^ aluminum alloys 

that may be satlsAactozy for the eovironmaxtal condlticms of the 

pressurized vater reactor systems. Alloys of Al vl-t̂  some Kl shov promise 

of Improved corrosl<n& properties as do alloys containing trace additives 

of Zr, Be, or Si. ^litable st3ra3gth clULraeteristlcs at system tempeztituires 

have not been attaii^d for this type of material. Work on sintered 

aluwlmim povder alloys currently in progress shovs promise of meeting 

strmkgth rê pxtrements, but corxositxi resistance in hi£^ ten^rature vater 

enriroBgBents is poor relative to Zircaloy or stainless steels. 

The potaitial of Fe-Al alloys as a stdbstitute for stainless 

steel is under staSy* Strengl^ characteristics at elevated temperatures 

are good, carroBLaa rates in vat^x systeB» may be acceptable, and 

eoapatlbllity vith UO2 is probably satisfactozy belov I3OO F. ^ e cross 

section Is lover tiliaa for stainless steel (being 1.8 to 2*2 bam), but 

veldatbllltqr is poorer. More voxic is necessary to establish radiation 
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damage characteristics and methods of fabzlcation prior to its use in a 

pover reactor. 

One vay to Indirectly extend core life and to operate at 

higher bumups is to Introduce bionable poisons into the I'eactor core. 

IBiis helps to alleviate the control probl^i due to the large excess of 

fuel. A nuEBber of devdopnent programs are under vay to investigate 

the feasibility of incorporating -Qie burnable poisons in the cladding 

material. A typical system being considered is a dispersion of fiijC In 

zizt:onlum alloys. 

Hafhium has been developed as a control irod material. The 

desirability of hafhium for pressurized vater reactor control rods is veil 

established and it vill probably remain the preferred material frcao a 

technical standpoint. The continued use of hafhium, however, is limited 

by its availability for civilian use and its relatively h l ^ cost. These 

items have led to investigations of alternate materials. 

Alternate control rod materials being studied Include boron 

dlapersioas, solid boron-carbide in sealed containers, rare earth dis­

persions, and Ag-In-Cd alloys. Elxperience has indicated that Ag-In-Cd 

oust be cladd. In general, the dispersion of boron in corrosion resistant 

materials has led to embrittlement. Solid boron-carbide in sealed or 

eonpartaented containers shovs promise and is actively being investigated. 

Rare earth oxides have been \ised for AEFR-I and are bejUig considered for use 

in the SM-2 reactor. These dispersions, hovever, are expected to be 

eâ tensive and vill xvquire cladding to obtain corrosicm resistance. The 

creep strength of these alloys is also poor. Studies on Ag-In-Cd have 

progressed to -Uie stage lAiere it has been specified as the control rod 

material for z^actors going into operation in I96O. 
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The* primary system of pressurized vater reactors c<msists of 

the reactcn: vessel, steam generator, pressurlzer, main loop piping, and 

valves. Bist vork has dosmstrated HM feasibUil^ of constrtssting these 

coiQcmesta of corrosicoi resistant stainless steels. Mfflculties in 

malntatiilng caB!x>n«i-ts in a radioactive earlronm«st and the desire to 

maintain a lov level of corrosion products in the circulating system 

suggests the defvelopmaat of these stainless steel systems. Initially 

systems vere constructed of the stabilized '̂ jfpes (3't̂ 7 or 3^)> subseguait 

develoinait has: shovn Hmt non-stabilized gradss (30^) having better 

veldabilil7 are adequate for use in i3ae pure vater environment of pressurized 

vater reactors. 

Stiress corrosion i s a potentially serious problem in stainless 

steel system. Nstallurglcal and chemical studies are in progress directed 

tovaccd tdte reductlcm of stress corrosion, reduction of crack susceptlblllty 

on veldittg, and l̂ ie developasent of high stre^th allc^fs that wnild permit 

the redxustion of pipe imll -Uilckness. 

(3) Bteat Transfer and Fluid Flov. A considerable body of 

«)alytlcal and wtpertmental Investigation has been perfcmaed cm tbje 

thezmal and hydraulic poroblems of Hne presjrarlzed vater reactor. The 

vo3^ coq^eted i s adequate to Jtistlfy^ ihB fOUoving design limits; 

(a) Caster fuel 1»9q[)erature less Idian fuel melting 

point. 

(b) No bulk boiling in Idle core during steady state 

operation. 

(c) Fuel rod size limit such Idiat t̂ ie fuel rod v i l l 

remain intact durli^ a loss of flov accidmt. 

Work i s Ulster vay to extoid the knovledge of thezmal and 
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hydraulic bdiavlor sufflcl«3t2y to J\istlfy relaxation of ths current design 

limitations. This vork Includes studies of transition boiling phenomena, 

the Influence of flov Instability and flov redistribtztion during bulk boiling 

on burnout, and improved effective thermal conductivity determinations for 

UO2 under service conditions. 

(U) Coolant Chemistry. A hig^ degree of vater purity is re-

q]alred to minimize corrosion, net radlolytlc dissociation, and radioactivity 

resulting from transport of corrosion and fission products from the core. 

Fast vork has done much to define the nature of the chemical problems and 

has developed ion exchazige methods utlllzlzig synthetic resins capable of 

maintaining vater purity of one million ohm-cm. in primary systems. 

Additional vork has demonstrated the feasibility of the Uthitmi-liydrô qrl 

system for continuously laedntaining pH control as veil as for removing radio­

active isotopes. Filtration and evaporation methods for removal of Insoluble 

Impurities hove been investigated. The value of Eg oveipressure in reducizig 

corrosion of stainless steel has been established. 

The factors influencing net radiolysls of vater have been 

establlfidied. The technology of external catalytic recombiners has been 

developed to the point that suitable and hi^ily efficient (but not 

necessarily pptimum) designs for the recovery of ncaainal flovs of radlolytlc 

gas are available. 

Extensive research and develoxaoent has been carried out on 

corrosion inhibition. Alkaline corrosion inhibitors have been developed 

that shov considerable beneficial effect but not vlthout accruing some 

disadvantages, especially in systems utilizing lithium. 

The problem of decontamination and remiTval of corrosion products 

from metal surfaces has received considerable study. These investigations 
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have leSL to the mKt^ti-solution (alkaline peraawgwaate-wmnonium citrate) 

process for (iecontamiuatlon of stainless steel vhich produces «Kcell«rt: 

results. 

Research and. development eff&rts have shomz that boric acid, 

and possibly certain borate salts ^aavr promise for use a& chemteal 

poisons. Out-of-pile tests have shovn no serious corrosion problem fOr 

stainless steel, and Zircaloy under oiperating conditions, of low dissolved 

osQigai. Vll^ hlfî  levels of iKirlc acid and. oxygen, as during re:teullng 

opexstlan8> thê  poi«iMlity of gslTanie eornasion. racists. Dissolved 

galvanic coî rosion Inhibitors here been found to be effective. 

Continuing vork aa gas reeoHfeination systems is directed 

tovard the developmsnl; of intema-l recsoalrinatian catalysts. The internal 

reeoBbinatl<ai sĵ stemLhss partesaMML. adarantages, especially fOr systems 

^ich evolve very large quantities of gas. Large gas evolutions might 

be expected in- ajvbeaa utilizing soluble poiscms. &t hl£^ pover^ 

Wesfxit continues on̂  the efCset of h i ^ tes^erature cmd radiation 

oa corrosion Inhibitors and on the possibility of a QQniblned corrosion 

inhibitor and soluble poison. 

Woz& on decontaminating agaxts is continuing in an effort 

to develop a single solution procedure Idtat vill permit reduction in 

solution vaste VO1UB»S. 

(3) CaBg<maats- cmd Auxiliary Systems* Qte development of 

reactor vessels< for pressurised vtAier reactors has tasa sea evolutionary 

process since the origin of the coneq^ in 19^. Developments of a 

manufacturing natuz» have peradtted 1^e construction of progressively 

larger «id thicker vailed vessels. Processes for cladding carbon steel 

and loy alloy vessels vith 300 series, stionless steel hscre been improved* 
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Both veld bead deposit and spot velded plate cladding is in use in addition 

to metallurgical bonded plate. 

Extensive vork vas done to determine the materials for the steam 

generator tubes. Stainless steel vas \iltlmately selected because of its 

availability and ease of fabrication. Several different design configura­

tions vere developed by various silliers. These include the straight-

throu£^ tube design, the horizontal U-txibe U-shell design, and the 

vertical U-tube configuration. All of these designs have performed 

successfully. Major development effort has been devoted to the tube to 

tube-sheet velding and the cladding of carbon steel vater boxes and 

tube sheets vith stainless steel. 

The major development vork on hermetically sealed caimed motor 

pumps vas performed on the (Navy) STR reactor project. Work coinq;»leted on 

the cazmed pung> includes the development of bearings capable of operating 

in high pressure, h i ^ teoperature vater, fabrication of thin stainless 

steel or Inconel liners for rotor and stator, cooling of motor vlndings, 

and h l ^ pressure electrical texminal seals. The size and efficiency of 

the canned pump has been steadily increased, culminating in the pressurized 

vater reactor Shipplngport puoaps. 

The development of a complete line of valves stiitable for 

pressurized vater reactor qperatlcm vas performed during the (Navy) STR 

project. The main achievement vas the construction of hermetically sealed, 

hydraulically operated stainless steel valves for all primary systoa 

seirvices. Recent efforts have been devoted to the design of controlled 

leakage valres lAdch pezmLt cozzventlonal construction and conventional 

motor operators. A major construction development has been the acceptance 

of cast material for valve bodies azid other press\ire parts, thexehy 
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effecting appreciable cost inductions. 

Piping for pressurized water reactor systems has been of 

the seamless (extruded or drawn) or hollow forged and bored type. 

The welding of heavy wall stainless steel piping has been extensively 

developed. Weldability and weld cracking were found to be very 

sensitive to material corapositlon. A recent development is centrifugally 

cast and hydroforged piping for large sizes. This laanufacturing process 

has promise of reducing cost and increasing the pipe size (diameter) 

that could be fabricated. 

Aiuciliary systems for liquid and gaseous waste disposal, 

coolant purification, emergency cooling, fuel handling, ventilation, 

etc., are necessary to all reactor systems. Safe design criteria and 

feasible engineering techniques to meet these requiz"ements have evolved 

from past work on both military and ccMmnercial reactors. 

(6) Reactor Safety. The pressurized water reactor can be 

designed with a large negative tCTg)eratare coefficient of reactivity 

^ich would provide a degree of inherent safety. The safety of the 

pressurized water reactor concept has been demonstrated by the con­

siderable operating experience on naval vessels, Shipplngport, AFPR and-

others. 

c. Operating Experience. There is more operating experience 

available cai pressurized water reactors than any other reactor concept 

in the AEC program. A summaiy of this experience is given below. 

STR Mark I, the full-scale land based prototype of the 

Nautilus, attained initial criticality on Maz^ 31* 1953j and operated 
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at a vezy low power tmtil late May 19^3 to obtain the initial necessary 

pities and radiation shielding information. On May 31 j 1953* Mark I 

was placed in power operation and full design power was reached on 

June 25« The nuclear plant met all design specifications. It took 

about one month after first power generation for Mark I to operate 

smoothly at full power. 

The APPR-1 was the first plant to be constructed under the 

Amy Nuclear Power Program. The APPR-1 has experienced no instability 

problems. This has been demonstrated by results of operation during 

both planned and unplanned load changes. 

The measuz^d radiation levels have been well within design 

limits and in most cases they were conservative. 

The Shippingport reactor went critical on December 2, 1957? 

and reached full power (60,000 KWE) on December 23. Testing has in­

cluded two power runs of more than 1000 hours each as part of a Reactivity 

Lifetime Test, and the seed fuel has operated for approximately 5100 

effective ftill power hours to date. The original design life was 3000 

effective full power hours and is now estimated to be 6000 effective 

full power hours. 

The stability of Shippingport on loss of load has been 

demonstrated, 

Shippingport has had several mechanical conponent difficulties. 

The stator in one of the four main coolant pumps was cut cij*cumferentially 

by the lower end of toe rotor stack. It is believed that operation of 

the puinp at low system pressure caused the stator can to coU^se. 
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During the early days of power operation, i^uidous motions 

of same of the fail-as-is type hydraulic valves occurred. A tesi> was 

formulated to determine the causes and the conclusions were that tvo 

types of valve drifts were encountered: 

!• Valves drifted from the closed position when -Hie water 

flask vas vented* Air is normally directed into the top 

of toe water fla^ iio operate toe valves, 

2, Valves b0anced from boto tl» open and closed positions 

duriHg toe operation of otoer l̂ rdranLic valves. 

During initial plant operaticai it was found that boto of 

toe »elf-actuail»d pressuzd.zer steam relief valves were leaking. Tests 

at several pressures Indicated toiat the leakage may have been caused 

by thernal distorision or warpaga, 

QQ February J, 1958, leaks were discovered in several tiibes 

of one of the four steam graaEoators between the secondary face of the 

inlet «2KI tube sheet and the first tube baffle. Examination of the 

resKJved tube sections revealed toat failure was caused by stress 

corrosion probably resulting frraa a combination of steam blanketing and 

boiler vater ch«Bistry oufe-ctf-specificaticm wito z«^ect to fz^e hydroxide. 

During initial plant operation, excessive KLowdown was required to reduce 

silica concentiation ard at this time toe boiler water chraiistry could 

not be maintained vitoin limits. To prevonrt steam blanketing in the 

future, two additional risrars were installed betireen the inlet tube 

sheet and toe first existing riser. In aiditicm, sampling lines were 

installed in toe defective area to determine the presence'of a steam 

bubble and chemical concentrations, Otoer changes included modifications. 
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in the existing boiler sampling connections, the addition of toermo-

cot^les, and changes In the boiler water chemistry control to eliminate •-< 

any possibility of free l̂ xiroxide. The defective tubes were successfully 

plugged wito blind nipples and no difficulty has been experienced since 

the steam generator went back into service on May lU, 

Inspection of toe turbine moisttire separator in late November 

1958 indicated toat the internals had been conpletely destroyed, Purtoer 

inspection at a later date revealed that pieces of the turbine moisture 

separator were lodged in the turbine low pressure blades. The possible 

es^lanation for this failure is excessive, mechanical vibration. 

In general, measurements of the radiation intensities within , 

toe z^actor plant container at various power levels showed toese to be . 

somewhat lower than predicted, A gradual increase in proportion to length 

of plant operation was observed for toe first few montos, after which 

steady state levels were approached. The actual measurement duriz^ 

operation and shutdown are listed in Part i n - Status of Pressurized 

Water Reactors, 

The level of fission products in toe primary coolant has 

been higher than was ejected on the basis of observed levels of Tiranium 

contamination in structural materials, although the level is considerably 

below design levels. On the basis of experimental evidence, it is sus­

pected that one ca: more defected UOg blanket rods exist. 

The operating experience on pressurized water reactors has 

demonstrated the feasibility and qperability of this concept as an 

integrated system. Most of the difficulties have been non-nuclear in 

origin and steps have been taken to prevent similar occiirrences in toe 

future, A graphic presentation of toe operating experience oa APPR and 

toe Shippingport plant is shown in Figs, 3 and It, respectively, 
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d. Plazrtis UzKJer Construction, The pressurized water reactors 

under construction toat w i l l provide valuable data to advance the 

tecteoi'ogy are shown in Fig, 5» 

e . Economics, A referraice tosign. has been made f o r toe pressurized 

water reac tor based on toe technical s t a tu s summarized in i i i is repor t . 

This design was used as toe bases for e s t i m a t i ^ toe cost a t different 

plant za t ings . The base parameters for toe reference ctesign are as 

follows: 

SUMM&HT OF PiaBT- cmE&CTERISTIDS 
PEESS1E2ED WA3SE HE&CTCm PLANT 

A, Heat Balance 
1, Total Reactor Power, MW(t) 
2, Gross Turbine Power, Mtf(e) 
3« Net Plant Power, MSf(e) 
k» Net Plant Efficiency, % 

B* Turbine Cycle Conditions 
1, Throttle Tenperature, F 
2* Throttle Pressure, psiĝ  
3 , Steam Flow, Ihs/hr 
U* Condesiser Back-^^ssure , in % • A 
5« Final Feedwater Teraperature, F , 

C, Reactor Description 
1 , Reaotcar Vessel 

a , Ijaside Diameter, f t , 
b . Overall H e i ^ t , f t , 
c - Wall thickness , i n , 
d» Ifefcerial 
e,, Design I ^ s s u r e , ps ia 

2, R e c t o r Core 
a . Active Diameter, f t , 
b . Active H e i ^ t , f t . ^ 
c . Active Core Volume, ft."^ 
d.. Lat t ice Arra^eraraxt 
e, . Lat t ice Spaci i^ , i n , 

3* Reflector or KLa:̂ EBt 
a. Material 
b. Radial Thickness, ft. 

810 
213 
200 

2l;..8 

ItBO 

3.03 X 10° 
1.5 
3liO 

11.75 
31.0 

7.0 
SS Clad OS 

2500 

8.6 
9.0 
523 

square 
7.1^75 

HpO 

1.5 
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li. Fuel Elements 
a. Fuel Material UOp 
b. Clad Material SS 
c. Fuel Enrichment, % 3,3k 
d. Fuel Eleratot Geometry rods 
e. Cladding Thickness, in, 0.029 

5. Material Inventories 
a. Fuel, Metric tons 52 
b. Uranium, Metric tons lp.,7 ' 
c. U-235, initial-kg. 1390 

6, Reactor Control 
a. Method of Control rods 
b. No. of Control Elements 36 

D, Plant Performance Data 
1, Primazy Coolant Outlet Ten?)., F, 51k 
2, Primary Coolant Inlet Tenp., F. 533 
3, Reactor Temp, Drop., F, 111. 
k» Primary System Operating Pressure, psia. 2200 ^ 
5. Primary Coolant Flow Rate, Ibs/hr. 53.1 xJLO 
6. Avg. Gore Heat Flux, Btu/hr.-ftf ' 861,800 
7. Max. Core Heat Flux, Btu/hr.-ft^ 395,000 
8. Max, Gladding Surface Teijp., F. 636 
9. Max, Fuel Tenp,, F. J45OO 

10, Core Coolant Velocity, ft/sec, lit.l 
11. Peak To Avg. Power Ratio U.55 
12, Core Power Density kw/ft^ 155.0 
13. Core Specific Power kwt/metric ton-U 19,500 
lU. Fuel Bum-up MWD/metric ton-U (average) 13,000 

The power cost for a 300 MWE plant extrapolated from the above 
design is as follows: 

Total capital cost |73,UOO,000 
Mills/kwh < it. 90 

Fuel Cycle Cost - M/Kwh 3.81 
Operation and maintenance cost - M/Kwh ,59 
Nuclear Insurance Cost - M/Kwh .26 

Total Power Cost - -M/Kwh 9.56 

The relationship of power cost vs. size is shown in Fig. 6 

The above costs are representative of plants toat could be 

constructed wito the current technological status. However, toese costs 

could only be achieved after toe period of time required for plant construction 
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and fuel cycle equilibrium. The design parameters used are close to optimum 

for a current s ta tus pressurized water reactor p l an t , A check point can be 

obtained by a conparison with the Yankee plant current ly nearing corapletion 

of construction. The estimated cost of Yankee i s |p52,000,000 and toe 

e:^ected output i s llt0,000 KlvE (2nd core) . The expected Cc^ital cost i s 

371 $/kw or 7.it3 m/Kidi for f ixed charges. 

The layouts and otoer design data for deterrainir^ the economics 

i s included in repor t S & L I67I1 and Appendix I I of th i s r e p o r t . A moisture 

separator efficiency of 95% and it-35" l a s t stage buckets on the turbine were 

used in the zeference design. This resu l ted in a 25^ efficiency for the 

Rffl p l a n t . The p lant could be designed wito difference s ize l a s t stage 

buckets on the turb ine , a more effective moisture separator , more feed 

water heat ing, and obtain a 27.8^ eff iciency. This would reduce fuel cycle 

cost and increase turbine and plant cos t . If toe p lan t i s designed for 

28^ efficiency the fuel cycle cost would be reduced approximately .it M/Kwh 

and the c o i t a l cost would be increased by approximately .2 M/Kwh resul t ing 

i n a net decrease in power cost of .2 M/K>*I under the cost shown. 
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PRESSURIZED WATER REACTORS 
O P E R A T I N G EXPERIENCE 

APPR - 1 
CUMULATIVE THERMAL MWH CUMULATIVE GROSS ELECTRICAL MWH 

30,000 

- 20,000 

10,000 

SEPT. 1, 1959 

FIG. 3 



PRESSURIZED WATER REACTORS 
OPERATING EXPERIENCE 

SHIPPINGPORT ATOMIC POWER STATION 
CUMULATIVE GROSS ELECTRICAL MWH 

SEPT. 1, 1959 

FIG. 4 



PRESSURIZED WATER REACTORS 
CONSTRUCTION SCHEDUIE 

AUG. 1959 
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POWER GENERATION COSTS 
PRESSURIZED WATER REAGORS 

vs 
COAL-FIRED PLANTS 
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NUCLEAR -
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2, Bmnm m!ffiH mkcsas 

a*. Deacription* tOie boi l ing wa^^er reactcxr i s a h&terogaaseous 

faeiSsd^ igszsBftl zvactor t h a t vdsSJlmsasi l i g l j ^ water as moderator and coolant* 

Therff- eax several, variations: of the botXing water reac tor concept* l^ese 

aissts. (3^ f. 1*e d i r ec t c^cie ^stem,^ ±0* T^ixiiL the water i s boi led in. •&8r 

zsNcetorprassaie. vessel and the steam i s bled directXy to the tuzi)ine, (2 ) , 

iim dsKL cjjcle,. ±a ii^ioh p a r t o£ -tiie energy f3ram the reactor fom^ steaar 

idiioh g<»B: direBtly t o the turbine and-paa* o£ the energy i s transmitted 

by hot wal̂ ea; t o a: steam^ g^ieratcot^^ idm:» addi t ional steasei i s farmed t o help 

i^Qjply -^le torbixn demandy (3)^ ^±.e^ i nd i rec t cycle which u t i l i z e s a steam 

gwiexsBtoxi'bAtweeai the reactor and the tuiHsine, and {k)f the boi l ing water 

retactaor u t i l i z i x ^ nuclear si^eiheat* The boi l ing water reactor can u t i l i z e 

na tura l ciconlat ion (in aaws s ize ranges) , forced c i rcu la t ion , or a com­

binat ion o£ na tura l and foi led circolatioxi* Steam can be s ^ a r a t e d e i the r 

ixisi(te the reactoar (smaller s izes) oir externally* A. sinfil ifled flow diagram 

ofTther doal cyc^e boilitag water-reactor p lan t i s shown in Fig* 7* 

b*, Te^mological Status:- TS.a boi l ing water reactor has drawn 

heavi ly on the technology developed for pressuirized water reactor systems* 

Tliis isc t r a » especial ly in the areas of fuel and materials development* 

SufTicient: research and develcqmient has been performed and operating 

e:qpBriatxoe been: dbt^ined t o ar r ive a t idie foUowii^ t e d m i c a l s t a t u s . 

(1) Rys ie s* The physics of bo i l ing water reactors i s 

a i m l a r -to idiat of pressurized water reactozv a l ^ o u ^ ijhe-ti^stmi'ia 

CQifl|rlioat»dL by the presence of stesot voids* 

M&st oil the physics data has been la rge ly concerned with 

the over^i^O behavior of boi l ing water reac tors and has been obtained 
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from the BQBAX escperlments, SBSRT, and EEUR. These reactors have used 

either metallic or Th02 fuels and therefore did not pzx>vlde data directly 

applicable to reactors loaded with low enrichment \K>2» Although several 

reactors which will be fueled with UO2 are \mder construction, no reactor 

completely loaded with this type of fuel has operated to date. 

Ihe presence of steam In a boiling reactor introduces a. 

variable In the analysis which Is not fotind in other reactor types. 

However, by using the proper water to fuel volume ratio, the desired 

void coefficient at a particular operating condition can be obtained. 

For large reactors, using oxide fuel, a water to UO2 volume ratio of 

about two appears to be optimum. For smaller 3reactors, a larger vater to 

fuel ratio Is required to compensate for the effect of greater neutron 

leakage on the void coefficient. 

The presence of voids also affects the power distribution by 

peaking the reactor power toward the bottom of the reactor. However, the 

voids also tend to flatten the power In the radial direction. Strategic 

radial positioning of the control rods will reduce the overall peaking 

factor, and the effect of the cont3x>l rods in flattening the power Is a 

very Important parameter In steady state operation. 

Control requirements of a light water boiling reactor are 

somewhat different from a non-bolllng light water reactor of the same 

size. The non-bolllng reactor will have a lower water to fuel ratio; 

and as such, will have a larger reactivity change with tei^erature. The 

lower reactivity change in the boiling reactor is offset by the additional 

reactivity requirements due to the steam coefficient of reactivity. How­

ever, the conversion ratio In the non-boiling reactor will tend to be 

hl^er, and the reactivity loss with burnout will be less. The net 
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result i s that boiling r^wtors luually mfoire silently more total con­

trol Idbtaa BiOB-bQlliag reactors, altbô ĝgb t̂ite required control will diqpoad 

T<n7 sEbrdogly on l^e ztsactor design. Ccnxtosl of the boiling water type 

resctor i s ma&e difficult by tiae fact t3mt Vas void coefficient tends to 

opp<»e the steam demand xdmasPA* 

During the past several ynors, an extensive program has been 

undertalran at Bettls and Brookhaven to measure the properties of slightly 

-oirlcbed uranium metal and PO2 1̂ €̂̂  waiter mode3?ated latt ices, ^ese 

data, idxich are xsmm teagperatuxv measuraanents, permit evalaatlon of 

theoaretical aê UiodB used to determne latt ice parameters. 

Sxperiaraaital me8tsin:'em«it of reactivity effects and reactor 

cootxTJl characteristics of operating i>ower reactors have been reported 

only on the EBHR aM B(BAX-I7 reactocrs. Since WSIR uses plate-type,, 

metallic uranium allc^ fuel «laaent8 and S0RAX-I7 uses a Th02-IK)2 mixtiire 

with a very hi#i water to fuel ratio, i t i s not possible to make direct 

use of tixe experimental information In A rod-type II0|2 core. 

Despite the apparent lack of information, in i t ia l crltlcallty 

can be predicted to within 2 to ^J^ls. for s l s ^ e fuel elements, such as 

rod cli»ters wl-Qi a water to fuel ratio of about 2 or s l i ^ t l y greater. 

3he reported error in EBHR orltimLity at stazti;^, based on calculations 

(no critical e^erlmeats) was 3*399̂  A^« A similar degree of calcula-

tioBMl error was attained for the total worth of control rods. This 

ladieates the necessity of critical experlm«Lts for large central station 

boilisag water reactors. 

Ihe advent of two-dimaasloautl, multi-groi^ diffusion theory 

has aided inremorviag a good m^tsure of Idie geoaeetrlc uncertainties. 

Therefore, for rod-type fuel amoved in a similar fashicm to the cold 
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critical experiments used in detenalning lattice paraiaeters. It is 

reasonable not to expect a large deviation for the Initial crltlcallty. 

Althou^ there is a large and girowing amount of data on 

uniform U02-i)ater lattices, this information is often insufficient to' 

optimize precisely a practical reactor design. Practical reactors con^ 

tain many more inhomog«ieltles (usually of a three-dimenslcmal natirre_ 

than have been present In most of the U02-water experiments. The ability 

to handle Inhomogenelty effects is important In predicting crltlcallty, 

control rod worth, temperature coefficient and power distribution. 

Adequate methods for dealing with this pzx>blem are being developed, but 

loiich work is still to be done. 

The calculation of void and t^operature coefficients suffers' 

fr(»B lack of direct escperimental measurraient. However, cold critical 

mock-ups of void coefficient are in good agreement with theory (about 

IJO^) for EBWR experiments. The temperature coefficient calculations for 

BQRAX-IV are a factor of 2 lower than the measured values in the tempera­

ture range of 65°F. - 207°F. and at 1̂ 20°F. 

The experimental measurements of flux and power distribution 

In EBWR and BORAX-17 indicate a close correlation with calculations. On 

the other hand, there is no empirical knowledge of the operating void dis­

tributions. 

The EBWR and BORAX-17 data Indicate the type of power dis­

tribution expected in a boiling reactor. However, the EBWR is relatively 

small (U ft. diameter and hel^t) and the BORAX-17 was even smaller, so 

that a direct extrapolation of the power distribution to a large core is 

not possible. 

Ho boiling reactor has operated to a long bumup, although 
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sone of -Ute ftiel in EBMR has beoa irx«dla^ted to a maxiwwm cff 3300 Ifi8}/MT!* 

Bo theoretieal caleulatl£»Q« of reactivity cltai^ses oecnrxlnc i^ «» crperatimg 

receter have been compared \fi£S^Seim!i^a^ c^a&ses* 

The WXSM.f SfESf, and i^M &cpexima^s have fuzaislMd -^i^ibble 

infbzma^on. on the effect o£ Increasij^ o;^rating pressivce and deereasini; 

t^ie thermal ccmduetivlty of -Qie ftwl eloaents. For example, unt i l very 

r^seni^ly, based on -Uxe early metallic fuel ez^rimenta, a maxlwom of 2f( 

A k In voids has be«i ctsed am a desiga critezloit to avoid imstabili t les. 

ttsmeveat, ±m i^eas BiBAX-I7 exi^einaxt, V»±BS cadde fuel, 6.9^ A.k ±& voids 

was achieved with no ins tahl l i i^ . 

(2} Fuels and Materials. The most widely accepted fuel 

mateadaJL far Ixsiling water reactors i s 002* This i s due to i t s excellent 

corroi^onL resiataace in water as well as i t s radiat i^ i daaMge resistance* 

la-pi le tes ta (samples) imUeate that low enrichment 1102 fuel i s radiation 

dnaage reslatasLt to buzn:iqpi grotter than 2^,^00 £0iD/T. I t i s relatively 

inert l a hot water, retains f Issicm products to a larsge degree, and i s * 

cdBpatUxLe with zirccmiim^ stainless s teel , and wi2xmiBxm cladding. PDg 

ll^llets caa be fabricated in varirau forms with daasities of approximately 

9?^ of the theoretical maxiwma. The l^exmal conductivity of !I02 i s lowj 

typical cteta^ have Indicated an aswerms^ vali»^ of aqsproxlmately 1.0 ^ ( j / h r - f t - ^ . 

a t <^p«usatin^ ten^exatores* 

Three cladding materials are bei i^ tued in boiling water 

reactcKTs: Klnstnam, zirconixra,, arad statinless s t ^ ^ . Alumlaum-nlckel 

allxqrs h»7e I^IQIRI inereatsed water corrosion resis-^ance, but a t pres^it 

ijsmix Imis t »m integrity i s qpie«tiQnidi>le a t teaap^^atures exceeding kQO°¥. 

Zireoniam and zirtsmitsB akUoys b»ve been developed to ii» point where ' 

these aafe«rlals aore bel i^ used a^ ftmL cTadcHaig aisd.(»»nt.atmctural m^tdrial 
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la boiling water reactors. Good strength and water corrosion resistance 

properties have been reported for teEq;>e]ratures as high as 660*^. The low 

neutron absorption cross section of zirconlim offsets its h i ^ cost 

relative to stainless steel. Stainless steel has been used extensively 

In reactors and has excellent corrosion and strength properties. In 

direct cycle boiling reactors, there has been little evidence of radio­

active cobalt bMldup in the steam loop because of corrosion of stainless 

steel structural components. In forced circulation loops and where an 

Indirect cycle is used, reactors using stadnless steel for fuel cladding 

may show significant acctmmlation of radioactivity. 

Three types of contiHJl rod materials have been developed and 

are being used in water reactors - boron-stainless steel, hafhlTim, and 

rare eaurth oxides. These nsiterials show excellent resistance to hot water 

corrosion* Boron-stainless steel Is being used in most civilian power 

reactors because of the hi£^ cost and limited sizpply of hafhlum; otherwise, 

hafhlxxm would be preferable Inasmuch as it does not suffer Isotopic 

depletion or radiation damage. 

(3) Heat Transfer and Fluid Flow. Most of the research and 

development to date on heat transfer and fluid flow has been centered on 

natural circulation boiling systems. Data are adequate to establish 

reactor design criteria but are not sufficient for obtaining t̂ ie optimum 

performance necessasry to yield the most econcoilc design. 

Neglecting stability requlr«aents, heat transfer peifoimanee 

is limited by the center melting temperature of the fuel (5000°F. and DO2) 

and by the,.maxlmixB surface heat flux allowable at a particxilar flow 

velocity and subcoollng, before bmtxout occurs. Present economic studies 

have indicated that a UO2 fuel pellet size of approxijoately 0,k to 
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Q.^-im^ 0. S. shofOd be used. A typical ^TernXjay-Z clad, O.if^-ltsch 0. D. 

pe l l e t vosM ^operate at a MsxlwMm heat flxoc of aqpprofxlmarteQy lt00,0Q0 

BS^3aap~ti^ lAHb. a centerline teageratmg of USOO^; th is i s based on an 

avexage D% thsxnal coaductivilgr of 1.0 ^]!ll/hr-ft-°F. This value of heat 

flxQE- i s well Ijelow estaSiHi^ed burnout heat fluxes for -t^rpical boil ing 

reactor operating conditiottB. 

Cbe of the tiz^nown areas in boiling water reactor technology 

eadsBtts in steam voloae fjrmctions and more speei^jcaUy the velocity of 

ixbeaas reiKtive -to the velx^ity o f wa^er. Hinnver, Bofflcijait work has 

beoa done t o predict core pffirfonaance. 

We kDSwledge of t t e me^ianlsB and factors Influencing the 

sepauMtion o£ steam from steas^water miacbures i s incomplete. The need 

for mere infoxiBBtijQn on steaon/water sepaEration becomes laore eu^ute as the 

si^eB> pri^wire, amdi power deaaaii^ of boiling reactors sore Increased. 

Satoxal drculatiofn ve loc i t i e s xqp to iJO f t / sec have been 

obtained in aon-nudjeao: lahorapbory experiments using a 4̂̂  ft«heated 

leisgth of 1 inch dijoaeter pipe having an 8 f t loog, 2 inch diameter, 

rlaer eibove i t . Geoaetries, more nearly l ike those used in actual 

reactors, give ve loc i t i es iMx:h are tmch lower but s t i l l adequate for 

small coma. 

Hydraulic s tab i l i ty has been stowa to be a function of ex i t 

stmsa volasae fraction, pressure and system geoaaetry. Analytical 

met îods hanne b^m developed to pzaadict the hydraulic stabiHii^ of a 

bfiiUng water iŝ rstem. These haeve been ch«:]ssd by transfer- function 

meaBUXsnents on small reactors; however, laore wozk i s required in IdrLs 

aBcea. 

A coBsidecsable ame»mt of experimental data has been 
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accumulated on burnout in water-cooled reactors* This data has bee^ 

developed primarily on pressurized water syst«DS but is applicable to 

the boiling water reactor. The current typical design limit is approx­

imately 1.0 X 10° BTU/hr^-hr for boiling water reactors. 

(k) Coolant Chemistry. The areas of principal concern to 

date have been moderator deconipositlon and effects of "crud" produced 

by corrosion* Vloat of the expeirimental data avcd.lable has come from the 

operation of the EBWR. 

71rtually no e^erlmental work has been done on the effects 

of oxygen in the steam of EBWR, but two years of operation Indicate that 

the presence of 20 cc (STP) of oxygen per Kg of steam has no gross 

deleterious effect on construction materials in steam piping, turbine, 

or condenser. 

The net decomposition observed is due to liquid phase re-

cooabination of Hg and Og being hindered by the stripping of these gases 

from the liquid to the vapor phase by the steam bubbles. Argonne 

National Laboratory has reported that by bubbling CO2 through water und^r 

gamma-Irradiation, the recombination is coispletely inhibited and the 

water decomposes at the maximum theoretical rate. 

In the EBWR at 20 Mw (thermal) and 6OO psl, O2 is produced 

at a rate of about 9 liters/min. The calculated rate of formation, 

assuming no recombination, would be three times this amount. Since 

experlmentauL evidence Indicates that very little recombination of H2 and 

Og occurs in the steam phase. It must be concluded that only about one-

third of the radlolytlc gases are stripped from the water by the steam. 

It has been found that if H2 is added to the reactor feed-

water at a rate such that the H2 concentration in the core is k^ cc/kg, 
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the rad io lys ls I s Inhib i ted to such-an exto&t t h a t O2 conc^itrat ions in 

•t^e sterna f a l l t o l e s s than 0.4 cc/l% of s t e a m a t 20 liw and .600 p s l . 

* In systems containing on3y. s t ee l s and Zircaloy, i t i s known 

tha t c i ^ i m t l o n ^ t pH l O - U i s ^ e f f e c t i v e i n pns^nnt i i^ crud .deposition. 

.In systems ocmtainlgg Al, t h i s h i | ^ pH could not .be to le ra ted amd e i the r 

JU..jm£Bt'be removed or some o ther sui table inh ib i to r be found. 

(^) CoaBpoaeats and Auxil la iy Systems* In general , boi l ing 

water -reaurtsors hacve been able t o use coapon^SLtsland aux i l i a r i e s already 

developed f o r ,CQn«aatioaal steam p lan t s or..fO]r.non-<boiling water reac tors . 

However, ^the "ccaxventional e^oipmeat" i s o f t ^ the major ca\ise of 

operational delays 4uad plant-jmalftmctions. Specific developments have 

been respired because of the water a c t i v i ^ , water decon^s l t lon , and 

coz^ctision ofijaaterials I n ^saturated st^ua. 

Materials and technology axe avai lable for the design and 

coastructicm of pressure vesse ls for TQO^* and 1^00 p s l operation in 

diaoetexs of 1 j ^ t o . 1 ^ f ee t . Corrosion of s t a in le s s clad vessels has not 

Xiisesented a p i o b l a a a s ye t . 

In the f i e ld of control rod dr ives , many types of drives have 

be^i developed — screw Jack, magnetic 4ack, rack and pinion, hydraulic — 

. a l l .of tdiich can be made t o cperatte satisfabctorily. Some bottom-mounted 

drives a3;̂ pear to suffer frtsn buildup of radioactive crud %diich s e t t l e s to 

the bott^am of the thlarfoles, making maintenance more d i f f i c u l t . Methods 

,o£ .mtnimiziag t h i s pztiblem in fotuse reac tor designs are being evolved. 

Instrumentation for reac tors has been developed rapidly by 

the e lec t ronics I n d ^ t r y , and ccmawrclal un i t s axe readi ly avai lable . 

More wcxrk i s needed t o increebse the r e l i a b i l i t y of these instruments, 

since mai^ scrams have been eatused by failse s ignals or inadequate 



equipment. The greatest need for instrument development is in the in-pile 

measiirement field where the reactor environmental conditions have seriously 

limited the Igrpe of materials which can be used. 

Detection of even a minor fuel failure can be accomplished in 

a boiling reactor by monitoring the exhaust gases leaving the condenser 

for the fission product, xaaon-135« Location of "Uie particular fuel element 

Trtiich has failed is difficult. More development effort is required toward 

this end, 

(6) Reactor Safety. Boiling water reactors which have large 

steam expansion volumes above the core have been shown to be inherently 

safe against plausible reactor excursions. Possibilities of metal-water 

reactions have been virtually eliminated by the use of oxide fuel, vftiich 

does not undergo an exothermic reaction. The fuel clad, if zirconium, 

aluminum, or stainless steel, can enter into a metal-water reaction. How­

ever, the possibility of such a reaction occurring is remote, since 

conditions normally required 'for such a reaction (fine dispersal of the 

molten material into the water) are not readily attainable, 

c. Operating Experience. In the short life span of BOMX-I, a 

large number of excursion type tests and a small number of steady-state 

boiling experiments were run. These tests demonstrated that boiling 

water reactors could operate stably and had a h i ^ degree of inherent 

safety due to shutdown by void formation. Fluctuations in power of the order 

of lS% were noted, but no instability tendency was detected. Beyond approx­

imately 1,5/S ̂ eff ̂  voids, a pattern of oscillations was established which 

led to unstable operation or "chugging" when about 2,^% kg^^ was held in 

voids at atnospheric pressure. Operation at higher pressures increased 

stability. The reactor operated stably at about 1200 kw, 135 psig, 
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A final expariasxi^^ -which'resulted i n the iself^destruction of 

JQi^^Xj tias made by adding approximately luiO^ ̂ eff " ^ ^*^ seconds 

withittie.xeactor water .inttial3.x^at Troom teBqaeKaiars, The power during 

:&ks t e s t increased ôn .a period of 0,0026 seconds and readied a maximum 

iof 18^000 megawatts, . I t is significant t o -note.that relatively l i t t l e 

.damage to the equipment outside the pressure vessel .or to the control 

r^aod drive nechanisms above the vessel occurred* 

Examination of the defaris ^around the realtor showed that a 

J.arge fraction of the fuel plate-jnaterial-iiad been milted. However, i t 

i s not knounwhether an explosive cdiaiiical. reaction occurred betwerai 

'the^molten 3Betal (Al and U) and.the water. If such a reaction did occur^ 

i t was .far &rom oon^lete^ ^as evidenced by the .la3rge quantity of unoxidized 

aluminum fuel fragmeaits« 

BQBAX-JI was ..similar .to.lCSi&X-I but imd a core ^proximately 

twdce^the size f̂.3Cffi&X-l and a, pressure vessel fear operation of the 

reaetor ^ t 300 paig« 

This reactcH' was an3y-operated for s, short time in 19Sh and 

.1955* xtoring which time t e s t s ^Bihnilar to those .conducted on K)HAX-I were 

made .at atmospheric and .at JOO psig pressures. The tes ts served to 

further.Jndicateuthat Jbtable steai^ts^#&^ate.boiling operation a t power 

denalties suitable Herr powe^ reactors coold be .obtained with pressurized^ 

boiling water, reactors^ Stable operation under stsa^jF^state boiling was 

obtained in 30MX--II, pressurized to 300 pa4s« with a power density of 

!̂te27 kwAiter .of core (765 J£w/ft^) with up to 3*2^ k^iff i n i voids. The 

stable reactor behavior during the i/ests led to the installat ion of a 

turbii^, generator plant with the .reactor. 
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BOR/LX-m was essentially the sane as BOR&X-H with new 

ftiel eleaents and a tuzbine generator added. The BORAX-IIE power plant 

was successfully operated at m^pdmum power levels of 16 MvfT and 3,5 HUE 

and represented the first boiling water reactor to generate electric 

power. The reactor plant operated stably at all pressures from atmos­

pheric to 300 psig, 

B0RAX-I7 was the BORAX-IH reactor plant with a new core 

substituted for the BORAX-III core. The new core consisted of fuel 

elements using Th02-U02 fuel canned in aluminum and bonded with lead. 

Primary emphasis in the experimental progtam of this reactor was given 

to obtaining more detailed data on the stability and safety of boiling 

water reactor plants. Transient and steady-state power runs similar 

to the previous BORAX experiments were made and reactor transfer function 

measurements were made using oscillator techniques. At atmospheric 

pressure, this reactor was found to be unstable at a power level of 

k»$7 MWT with 1,5^ ̂ eff ^^^ ^ voids. As the pressure was increased 

to 322 psig, stable operation was achieved up to 20,5 MHT with 6,9% 

keff held in steam voids. 

Maximum power densities were: 19,6 KW/Liter of core 

(555 KW/ft-') at atmospheric pressure with 1,$% kg^f held in voids and 

h$ KW/liter (1275 KW/ft^) at 300 psig with 6,9% k^ff held in voids. 

Besides the steady-state and transient operating data, 

B0RAX-I7 provided information on radiolytic decomposition and experi­

mental data on the contamination of the reactor coolant loop due to 

fuel clad failures. These fuel clad failures were detected in Febniaiy 
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1^ ^ by the sudden increase in activity in the turbine rocHu to 70 mr/hr. 

Activity levels of 1*00 rar/br were noted in the turbiiM rocmi ̂ nd 8,000 ̂  

w^/br in -the hot well following firrther reactor operation with .the 

failed elements. Examination of tte Borax-r\f fuel elraaents later in­

dicated that at least 17 elaoents had failed. These failnres were 

attarOmted to leaks caused by the collapse of the alumincmi into the 

void ̂ pace above t^e oxide pellets aft«r r^eated thermal cycling in 

the reactor. It is significsmt ttstt operation with the failed ftiel 

elesBeotSy althou^ causing a relatively h i ^ activity level in the plant 

durii^ cperaticm, caused no significant contamination of the turbine 

and little iiKirease in the gross activity of the water. The radioactivity 

in the tszMne was vezy low lAimi the reactca* was shut down. This observation 

would indicate that mostly gaseous fission products were released by the 

oxide elements. 

Surface activities at various points in the B0R&X-I7 plant 

were measured ̂ ile the reactor ĉ ierated witit the failed fuel elements. 

^be results of these measurements indicated no serious activity problem 

existed. 

The Experiisental Boiling Mater Reactor at A3:^nne National 

Laboratory is a conplete experimental nuoLear power generating station 

desigi^d to provide operating and design data caa. boiling water reactors 

suitid>le for power g«ieration. 

The radiation levels in the EMR plant have indicated that 

a direct cycle boiling water reactoar could be qpei^ted without undue 

activity at the turbine and that normal maintenance was not a problem. 

- 39 



On three occasions failure of the bearing in the feed-water 

pun?) occurred. This is a problem of pump design rather an a difficulty-

peculiar to a nuclear plant. 

Frequent difficulty with "sticking" of the control rods was 

ejqperienced during the early operation of the EBWR. This problem is 

associated with "crud" accumulation in the rod seal housing at the bottom 

of the reactor vessel. It has been largely corrected by substituting 

bushings made of softer material. 

This crud accumulation in the control rod thimbles results 

also in a high activity level in the immediate vicinity of the control 

rod thimbles. Activity levels of the order of 65-70 r/hr have been 

reported. This would probably not be a mAĵ or problem if provisions had 

been made for flushing the contz*ol rod thimbles. 

Difficulties were experienced with the Hj- Op catalytic 

recombiner during ttie early operation of the EBWR, Frequent explosions 

of the hydrogen-oxygen mixture have been e 3q)erienced, This system is 

now operating satisfactorily. 

Failure of the stem of the turbine trip throttle valve 

occunred, A combination of improper operating procedures and incorrect 

design of the stem were given as reasons for the failure, 

A turbine blade failure, not associated in any way with 

nuclear phenomena was experienced. Servicing operations were carried 

out on the slightly radioactive (about 2 vsr/hr) machine in a conventional 

manner. 
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A leak was dateffited i n a t o t e t^ t l » main condenser, AM^ 

Tedc^ed power l eve l IK> diffi^eoilty t r ^ b a-etlvil^ ysas inmtved in plugging 

^l» defi»Have t^>e, 

*Ehe majority of opei^rtang paaeMa^ t ha t have been raqjerieBced, 

e:»;i^}t & r t ^ eimtrol rocb, were oaa the so-eal led conventicpaal equipment 

i n t ^ |LLaa:&, Tteire have Ts&^a. so s ign i f i ean t prc^tLans tha t iwre.nuclear 

ixi oxlg in , 

Wiiai Idle pressure saastOTaL bys-^ia.^ valve system there has been 

TOO diffSmtlty M ^ym&ucnmiziJstg tbe power oaa^xots of the reactor a i ^ the 

l^ad of t ^ taea^blne geBeratoar, £l^iezatioai has a l ^ indicated t ha t manual 

cpeiratiraa of isbe zeactor^ wltl»]«it t be bys-^ass valve in se rv ice can be 

3EeBDmipligfti«wt t o haziiLe slow toad, chasiges on -Qss t o i b l n e , 

Thi^e s e t s of plaaawd iiefactiiBe fwsl elemraat {holes in the 

claiMtTiB) essperimento have been r&a. i n "EESM laa Th02 ceramic fue l as r id ied 

wl ' ^ 1S$ £a l ly a o r i x i ^ WX^m The xesu l t s £nafm tliese t e ^ t s were: 

CMly f i s s i i a preiiBct gases were evolved t o any s i ^ i f l e a n t 

extenty and the za:te of i ^ l e a ^ was much l e s s than 1^ of the production 

ra t e of fissicm gas . 

Ho increase over normal readings was regis tered by a i ^ 

r ad i a t ion mjmitor measuring grou^ a c t i v i t y in the vicini ' ty of p lant 

!eonpcH»nts except du r i i ^ pcwer incr^isi^^, 'Sas fac t Misct a Cladding 

i^f«Bt exis ted was x^^tdHy dete^cted, i^wever, by s c i n t i l l a t i o n counters 

idoich se lec t ive ly meaEHa«d Xe-135 sajtiviiy i n off-gases from the main 

<^dextser, 33ort buziats of a^ftinri^ were also reg i s te red onrga^nsa 

monitoTs i n 1 ^ v ic in i ty of the a i r e jec tors wh«i reactor power l eve l 
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increases were made* The bursts were evidently due to expulsion of 

fission gas from the oxide element due to volumetric expansion of gas 

as a function of tenperature. At constant power level, there is no such 

expulsion tendency, and fission gases escape by a much slower diffusion 

process. The amount of fission product activity released in this way is 

small compared with the N-I6 normally present in the steam and therefore 

does not contribute significantly to the gross radioactivity. 

Samples of reactor water taken from above the element con­

taining the defected specimen showed no incireased counting rate either 

due to z*adioiod±aes or to delayed neutrons, when compared to similar 

samples taken from above fuel elements containing no defected specimen* 

One defected sample was placed close to No* 3 control rod* 

When this rod was moved to increase the flux in the specimen, a burst of 

activity was recorded on the gamma mcmitor at the air ê jectors* Hovement 

of any of the other ei^t rods did not affect monitor readings, Thi» 

indicates that defects in the close vicinity of a control rod could be 

detected by proper manipulation of that rod* 

During almost four months' steady operation during Test #2, 

no accumulation of any fission product could be detected in the turbine 

or steaA pipe. The details of these tests are given in the Boiling Water 

Reactor Status Report* The Vallecitos Boiling Water Reactor (VBWR), irtiidi 

is owned and operated by the General Electric Gon^any, is a boiling water 

reactor generating steam which is utilized directly in a turbine generator. 

The reactor c^erates at a nomijxal pressure of 1000 psig* The plant is 

designed as a test plant* 
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The fuel element in this reactor has a thermal time constant 

of about 0,06 sec, which is much faster than that obiiained with oxide 

fuel. It is e3q)ected that more stable steady state operation will result 

when an oxide fuel is used in combination with the higher operating 

pressure* 

The Argonne Low Power Reactor (ALPR) is a natural circulation, 

li^t-water-moderated and -cooled boiling i^actor which operates at 300 

psig, U20°F. and produces 3000 KWT of heat* The plant generates a gi^ss 

electrical output of 300 KW and provides liOO KW of space heat* 

The reactor has been in opei*tion for approximately s±£ months 

and has operated satisfactorily with one notable exception. The failure 

of an oil seal in the deep well pump supplying the reactor make-up trater 

resulted in the introduction of a significant quantity of oil into the 

reactor primaiy system. As a consequence, the demineralizers were 

rendered useless and extensive contamination of the fuel plates, core 

structxire, reactor vessel and piping occurred. The oil-contaminated 

water has been removed and the system cleaned to the greatest extent 

possible. The detrimental effects of this incident upon overall plant 

performance, if ai^, will not be known for some time. 

In general, because of the special design aspects of this 

feactor and its use of highly enriched fuel, veiy little data will be 

forthcoming of a nature suitable for extrapolation to more economic power 

reactors. However, opei^ting histoiy of the coiaponents will be of value. 

The operating es^erience on boiling water reactor has been 

mostly on small experimental plants. The results of this experience appear 

satisfactory but experience is needed with large boiling water reactor ~ 
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plants* Th« e$>erating exper ie t t^ of tlie BOi&X r^ i e to r s saS. EBHE are shovn 

in Fig* S and Fig* 9, ref lect ively* 

d* S<^ednle. The boilixig water reaetors undesr ccmstrceetioii tha t 

w i l l provide valuable data to advance -^te t e ^ m d e ^ y are shoun i n Fig , 10* 

e , Eecmomea* A r e f e r e ^ » design has be^i made for a boi l ing water 

reactcKT based a& the tec^mieal s t a t t ^ swmarlzeA i n t M s report* S i i s 

d e s i ^ was used as the b a s i s for extraqpoLatJarg Hui cost to d i f ferent p lant 

r a t i o s * The planet (^arscterist^ics i b r -tiift 3refer«iee design are as follows: 

Sai®Mi.EI OF FUM (SAE&C^EKESTICS 

BoiLiK mT£E miisism. lum 
A* Heat BalaxK^ , 

1 , Total Reactor Power, Hiir(t) 
2* Groi^ Turbine Power, HW(e) 
3* l e t Plant Power, Mw(e) 
It. Het Plant EfficieiKy, % 

3 , Tartkine Qyrle Conditions 
1 . Thrott le Tempeiatiare, F , 
2 , Tlatrtt le Pressure, p s i g 
3* Steam Flow, Ib s /W 
k» Gondenawr̂  Back-Pressccpe, i n , fig A, 
5 . Final Feed Water Temperature, F , 

C, Reactor Etescription 
1 , Reactor Vessel 

a . Inside Diameter, f t* 
b . Overall Hei^rfe, f t . 
e* Wiall !Qu.skness, in* -
d* Kater ia l 
e* Design Pressure, psia 

2* Reactor Core 
a* Active DisBK^r, ft* 
b. Active Hei^t, ft* ^ 
c* Active Core Valame, ft 
d* Lattice Azxangement 

3* Renector or Blanket 
a* Hateraal 
b* Radial Thickness, ft* 

primazy 

lJtUxlO° 

565 

690 
212 
200 
2^*0 

1,5 

12,25 
hh,o 
5.675 

SS clad CS, 
1500 

10,5 
9.75 
81.5 

squai« 

secondaiy 
U60 
U60 

1.21xLQ° 

U05 

St 
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U* Fuel Elements ' -
a. Fuel Material UO2 
b. Clad Material ZR-2 
c. Fuel Enrichment 1,5 
d* Fuel Element Geometry rods . 
e* Cladding Thickness O.O3O 

5* Material Inventories 
a* FuftL, metric tons 66*5 
b* Uranium, metric tons 52*3 
c* U-235, initial-kg 785 

6* Reactor Control 
a* Method of Control rods 
b* No* of Control Elements 8U 

D* Plant Performance Data 
1* Primary Coolant Outlet Tenp,, F. 51i5,3 
2* Primary Coolant Inlet Temp,, F* 5o5 
3* Reactor Tenp, Drop., F, liO,3 
U. Primaiy System Operatic Pressure, psia ^^^^/i 
5, Primary coolant Flow Rate, Ibs/hri I,ll3xl0" 
6, Avg, Core Heat Flux, Btu/hr.-ft^ 97,700 
7, Max, Core Heat Flux, BtuAr,-ft2 277,000 
8, Max* Cladding Surface Tenp*, F* 585 
9, Max, Fuel Temp., F, U500 
10, Core Coolant Velocity, ft/sec, — • 
11, Peak to Avg. Pow^ Ratio 2,92 
12, Core Power Density kw/ff^ 817 
13* Core Specific Power kwt/metric ton-U 13,200 
111, Fuel Bum-up MWD/metric ton-U (average) 11,000 

The power cost of a 300 Mffi boiling water reactor plant 

extrapolated from the above design is as follows: 

Total Capital Cost $78,900,000 
M/KWH 5,26 
Fuel Cycle Cost ̂  M/KS'JH 3.U7 
Operation and Maintenance Cost l^KWH .61 
Nuclear Insurance Cost - M/KWH — — ,27 

Total Power Cost - K/lSm 9.6l 

The relationship of Power Cost vs. siae is shown in Fig. 11. 
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The above costs are representative of plants that could be 

constructed with the current technological status: However, these costs 

covOd only be achieved after the period of time required for plant 

construction and fuel cycle equilibrium. The layouts and other design 

data for detennining the economics is included in report S & L l67l|. 

and Appendix H of this report* 

The cost data is based on a boiling water reactor utilizing 

a dual cycle arrangement. This t^e plant was extrapolated to the smaller 

sizes in order to show a consistent cost curve. In all likelihood a 

natural circulation - direct cycle plant would be used in smaller sizes 

at better economics than those indicated on the curve. It is cxurently 

thought that the capital cost could be reduced if a direct cycle was 

practical in the large plant sizes. No advantage was taken for this 

potential cost improvement although it could probably be done with 

current technology* 

A reference cost point would be the published figures on 

the Senn Reactor which are $li8,000,000 or 320 V^W (6*lt K/Kvh), 
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THERMAL MWH 

200,000 

160,000 

120,000 

80,000 

40,000 

OPERATING HISTORY OF 

EXPERIMENTAL BOILING WATER REACTOR ELECTRICALMWH 
50,000 

SHUT DOWN PERIODS 

t. Operator training 
2. General maintenance 
3. Modification for reactor stability tests 
4. Reactor stability tests 
5. Turbine blade failure 
6. Insertion of defective fuel sample for tests 
7. Removal of defective fuel sample 
8. Insertion of defective fuel sample for tests 
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30,000 

20,000 
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BOILING WATER REACTORS 
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POWER GENERATION COSTS 
BOILING WATER REACTORS 

vs 
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3> OBG&HIC QOOIED BBACTOR 

^ Ppscrjijrtian« The organic cooled reactor i s a heterogeneous 

fueled, theznal reactor u t i l i z i n g an organic n a t e r i a l as - t ^ coolant* 

![he reactor i s nomal ly raoderated lay the aams floixi u-tilized as a coolant, 

hoMever other moderator s iater ials can be U^KU Th® heat i s resmsved from 

the fue l by the oji^anic coolant and transmitted to a steam b o i l e r , where 

steam i s fonasBd ix> drive the turbiim, A simplified flow diagram of the 

organic <»xxLed reacixr p l an t i s shown in f igure JL2* 

bu fechnieal S t a tus . Sufficient research and development work has 

been done to a r r ive a t the following technical s t a t u s : 

(X) Physics* Tjafi ji&ysics of ozrganie moderated reactors i s 

s imilar t o idiat of water reactors since ^se p r inc ip le B»ans of neutron 

e n e z ^ degradation i s 1:̂  sca t ter i i :^ collisixnis with hydrogen. Sufficient 

infoxnatirai i s knosn from data on water c r i t i c a l experissents, the OHEE, on 

prototype water reactoxns, and frcnn t h e organic experimental work to ex t ra -

pcOLate data t ha t would be r ^ r e s e n t a t i v e of a large power r eac to r . However, 

with a i ^ l a rge l^rdrogenous moderated poster system, lossnaa s t a b i l i t y may be a 

pn^lesn* The precise conditions for xenon osc i l l a t ions are not thoroughly 

understood. How t h i s i n s t a b i l i t y can be avoided or what opemtional methods 

are best ^ handle ii> are questions that are only beginning t o be answemirJ^y 

bui lding, operating, and experimenting with l a z ^ reactors whicdi contain 

audi i n s t a b i l i t i e s . 

The p l ^ x c s of more sophist icated nnilti-region ©ores and cores 

in which power f la t ten ing techniques are used are not as advanosd and add!** 

tiosial p i ^ i t i s work i s required to confizia the designs. 

(^) Fuel and Material P roper t i es . I n i t i a l fue l work was directed 

toward the development of low a l loy n» ta l fuel which would exhibi t radiat ion 
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stability for reasonable exposures. From these studies and developments 

has evolved ihe TJ-3.5 wt^ Mo + O.ljS Al alloy. These allĉ ys have been oper-

a1;ed up to 3>300 MWD/to without distortion. The problems of predicting -Uie 

Tapper limits of bumup for U-Mo ftiel is difficult because a£ lack of test ' 

experience. It may be possible to achieve a maximum of 11,000 MD/KS in 

an organic reactor at the operating temperature conrpatible with aluminum , 

cladding. 

Recent work on organic reactor fuel elements has been devoted 

to an investigation of UO2 clad with aluminum powder metallurgy (APM) 

materials. Tests to date indicate that these cladding maiierials exhibit 

significantly higher strengiii than aluminimi alloys at elevated tenrper-

atture, exhibit satisfactory radiation stability, are compatible with UO2, 

do not suffer from porosity, can be fabricated into the desired shapes, 

and can be joined satisfactorily utilizing welding techniques. More work 

needs to be performed on end closures and in general on aluminum powder 

metallurgy. As of this date, full-size prototype fuel elements of UO2 

APM materials have not been fabricated nor has full-scale in-pile testing 

been started. 

(3) Heat Transfer and Fluid Flow. Limited tests on heat 

transfer in the organic cooled reactor indicated that the cvonrent limits 

are ^ 500,000 BTU/ft^-hr for burnout. This results in a limit of 

<^ 235* 000 BTa/f t -hr maximum design value and pd 60,000 BTtJ/ft^ average 

for forced connection systems. 

Correlations of heat transfer data have been oblained from 

limited duration tests over the range of surface temperatures from 

6000 to 900°F. These tests have indicated that \mder suitable conditions 

of forced convection heat transfer, the surface condition and teinperature 

of the organic is stable. 

The current status dictates aluminum cladding material whose 

physical properties limit the bulk coolant temperature to approximately 

6OOOF. 
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Based on a oaximEtni Mgfe boiler eonteait of 30^> non-boiling, 

the Qsgaalc makeasip would be 2$ Ib/TfMD based on h% gama miez'gy absorbed 

in tiift noderator. 

Hke deterrainatlcn of the true burnout heat flux i s eoB^lieated 

by " l̂e fact that the organic, mxier reactor operating conditions, i s a 

coBqpletely mlscible variable mixture of organle eorapomids. 

Limited nue l^ te boiling data has be«i obtained with one run 

of 1,5(X} hoxirs MMJ^ iisilcates there i s m̂ i n i t i a l de<»'ease in heat 

teawgfer ^ » f f l c l « i t but that after 5 ^ ^ 1,000 hours, the coefficient 

stabilizes a t a value approxiaately 10 to 12% below ^be i n i t i a l value. 

Addlticnal work in a l l i ^ s e s of forced e<sxveetlon and boiling 

heat t r a u ^ e r . Including the accurate determinatioi of burnout heat fluxes, 

must be e@i^let»i -prixxr to t t e operation of large orgimle &ooled power 

z-eaetcns. Forced einsvefftlon Sjppeaiss to prevmit fouling or deposition 

of carboodfrare^ material <m the fuel elasiKits. 

Heat transfor i s low compared to water (about l/S) and sodlmi 

sys'teasi ^ n c e , a high surface to volute fuel e l o ^ n t d^ign i s required. 

T&e STatera has a lew specific |Kiwer and a low ^wwer density. 

ik) Coolant Chemistry. Gcnsixlerable information has been 

developed in recent years on t ^ physical and ehradeal properties of 

organic eoiqaounds. To date Uste investigations have been limited primar­

i l y -to the pol^phei^ls, bi^mine der iv l t ies . Information I s available for 

boili un i r rad ia t^ and irradiated material. The coepound ewrently 

favQr«i i s Santo«ax E. This has a HguH density of 0.83 ^/em^ at 7009F 

saad a -yierraal conductivity a£ 0.061; BTU/kr-ft-^ a t the ssrae t ^^e ra tu re . 
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Organlcs have low vapor pressures, low induced activities, and 

low corrosion rates with standard materials of construction. An excessive 

radio3ytle deconposition rate may result in high coolant inakeup costs. 

More irradiation tests at high taxperature and high reactor power levels 

are needed to detezndne long-term effects. 

Deconposition may result in fouling of the material especially 

w±tti nucleate boiling. Tests indicate that the coolant deconposition rate 

— and thus the coolant makeup cost — decreases with incireasing high 

boiler (pyrolytic deconposition products) concentration. 

(5) Cojq)onent and Auxiliary Systems. Many components util­

ized in the organic system are of standaixi manufacture and have been 

utilized for several years in •Uie petroleum industiy. These items require 

veiy limited or no modification to be acceptable. However, it should be 

noted that in a nuclear plant it is often the "conventional equ%ment" 

whidi is the major cause of operational delays and plant malfunctions. 

Process system design results to date have been obtained 

primarily in laboratory scale mockaps. Mockups of the Piqua systems 

are now being conpleted for testing and evaluation. A magnetic jack 

control rod has been developed and successfully tested. 

(6) Safety. Organic moderated reactors have large negative 

tenperature coefficients, negative void coefficients, and negative power 

coefficientv. 

The physical properties of the coolant are such that there is 

negligible corrosion of either reactor or fuel materials if water and 

other deleterious impurities are kept wtfej there are no exothermic 
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(dieadLeal reactions betwe^a the coolaoat, faeL, or water; tli^re i s low 

ixuiueed z«dioactivity; and the lystna operates at low pressures due to 

the low coolant vapor pressure* Howeverĵ  the presence of organic 

compounds is a potmitial f i re hazard. 

Disposal of the high boiler residue i s a problem^ 

c. Operating Experience. The only operatii^ organic cooled 

reactor i s the Organic Moderated Beaetor Bj^terin^nt which achieved c r i t i -

cal i ty in Septeniaer 1957. In i t i a l cz l t lca l i ty was followed by a few 

ninths of low power tests and physics measurem«its. Fall power operation 

began in Februaiy 1958. The operation of the reactor has demonstrated 

the oz^ganic radiation deconposition rates that can be expected, the low 

induced s^tivity, the low corrosion rates , and the technical feasibi l i ty 

of designing and (perating organic cooled reactor plants . 

Sustained power operation began Feb̂ n̂iâ jy 1, 1958. Betwe«i Februaiy 

and Septenber 15, 1958, 765 IM) of power operation was accumulated during 

a series of t es t s to detezmine the radiolytic and themsO. deconposition 

rates and the heat transfer prtq}ertie8 of the coolant moderator under a 

variety of operating conditions. During th i s period, tes ts were conducted 

at high boiler concentrations (HBC) of approximateLy 12, 30, and hP per­

cent, and a bulk coolant tcnperatures of 600*'F (3l6°C) and 700°F (399°C)« 

The fuel-plate surface hot-spot tenperature was maintained a t 75Q°F (399 C), 

during the majcxrity of th i s period. Decontamination of the coolant and 

new buildup of deconposition product concentration to 30 perc«at were con­

tinued from September l5 throu^ November 2kf 1958. The accumulated 

reactor power increased to 950 MHD during this period. TJie reactor was 

then shut down for conplete cleanup and removal of inorganic particulate 
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matter which had accumulated in the system, as well as installation of the 

second core loading. The cperating experience of OMBE is shown on Figure 

d. Plants Ifader Construction. At present the only organic cooled 

reactor under construction is the Piqua plant, a unit rated at 11.5 MKE. 

The Piqua plant is scheduled to go into operation the latter part of 

1961. Steam is to be produced at k$0 psia and 550°F with a reactor 

coolant outlet tenperature of 575°F and a maximum fuel elenwnt surface 

tenperature of 750°F. The operation of 1he Piqua plant will supply valu­

able information on process system performance, plant control and 

stability characteristics, and further information on coolant and fuel 

element performance. 

An Experimental Organic Cooled Eeactcr is scheduled for initiation 

of construction in FI I960. The Experimental Organic Cooled Reactor will 

have test loops to enable simultaneous evaluation of several different 

organic coolants with and without inhibitors. Facilities will also be 

included to allow for extensive tests and optimization of design of fuel 

elements and conponents which are found to limit power level of organic 

cooled power demonstration readers. The size and power level will be 

sufficient to allow irradiation of new fuel elements in quantities large 

enough to provide a statistical evaluation of the performance of the fuel 

elements. 

A schedule for the Organic Moderated Reactor Experiment, Piqua, 

and the Experimental Organic Cooled Reactor are shown on Figure lit. 

e. Economics. A reference desi^ has been made for the organic 

cooled reactor based on the technical status summarized in this report. 
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This design was used as the b a s i s f o r or&lnating; ^k» c&mt s t d i f f e r e d 

plsoat. r a t i n g s . The base 

f c ^ e w s : 

i b r t h e referaaefr dsslgK are xa 

B. 

G« 

Sl}M&SI OF FLftliT CmAa&CTEHISOCS 
OaaANIC COOIED REACTOR TUM 

Heat Balance 
1 . Total Reactor Power, HM(t> 
2. Qresa Turbine Power, !ir(e) 
3* Het Plant Power, Mbr(e) 
km Bet Plank E f f IdM^y , % 

Turbine fSyele Ooadltioaa 
1 . Threii^le Temperature, F» 
2 . Throt t le Pressure, p s ig 
3 . S^am Flcar, Ibs/hr^. 
k* Cessd^iser Ba^-Fressure , in* Hg A. 
5 . Final F<eeNi ^ t e r TffinpexKlsxs?e|» F . 

Bsaetor De^nriptles 
1* Reactor TesseiL 

a . Ins ide Ddaine-tor, f^ 
b . Overall Height, f t» 
e» l i a l l Thickness, in* 
d . Material 
e . QiMign Bn^»ure^ pslA 

2 . Reaetcnr CcAe 
a* Active Diameter, f t . 
b . Active Height, f t * 
c . Active Core Tolxtme, f t : 
d. La t t i ce ^rrsmgeseei^ 
e . Lat t ice Spacing, i n . 

3 . Reflector or Blanl^t 
a* Material 
b* Axial Thickness, f t* 
c . Radial S i c k n e s s , ft* 

k* Fuel Meaments 
a . FuaL Ifot^'iaX 
b* (Had Material 
e* Fuel Sariehment 
d« Fuel Klewifflt Qewastx^ 
e« Claddiqg S i c k n e s s 

266 
79 
75 
26.5 

550 
585 
9*36 
1.5 
360 

x l C 

11.0 
51.0 
3.5 
cs 
^30 

9.^ 
9*$ 
67U 
tsriangular 
6 

Sfflitowax £ 

0*75 

II.3*5 w/o Mo 
AL* 
1*6 
cylinder 
0.035 
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5. Material Inventories 
a. Fuel, metric tons iil.lt 
b. Uranium, metric tons ill 
c. U-235, initial-kg. 656 

6. Reactor Control 
a. Method of control rods 
b. No. of Control Elements 19 

D. Plant Performance Data 
1. Primary Coolant Outlet Tenp., F. 575 
2. Primary Coolant Inlet Tenp., F. Il90 
3. Reactor Tanp. Drop., F. 85 
k» Primaiy System Cperating Pressure*, psia l50 ^ 
5* Primary Coolant Flow Rate, Ibs/hr. 19.8 x 10° 
6. Avg. Core Heat Fltix, Btu/hr. - ft? 28,000 
7. Max, Gore Heat Flux, Btu/hr. - ft; 112,000 
8. Max. Cladding Surface Temp., F. 750 
9* Max. Fuel Tenp., F. 

10. Core Coolant Velocity, ft/sec. l5 (max.) 
11. Peak to Avg. Power Ratio It.O 
12. Core Power Density kw/ft2 386 
13. Core Specific Power kwt/metric ton - U 63liO 
lU* Fuel Bum-up MWD/metric ton - U (average) 14.500 

The reference design for ihe organic cooled reactor is at 75 MWE 

due to the fact that more design data was available for the smaller plant 

sizes. This will probably have some effect on the relative scaling factor 

(less accurate in larger sizes) used for the organic reactor cost curves 

as conpared to the slope of ttie cost carves on the other z*eactor which 

used a larger reference design. 

The power cost for a 300 MWE plant extrapolated from the above 

design is as follows: 

Total Capital Oost - $66,122,561 

î .jOL M/Kwh 
Fuel Cycle Cost (U-3i w/o Mo. 5*72 M/Kwh 

« Operation and Maintenance ~ 1*06 v̂'Kwh 
Jhiclear Insurance Cost ——«—- ,26 M/Kwh 

Total 11.35 M/Kwh 
* includes oi^anic make up cost based on 13§ #/#. 

The relationship of power cost vs . size i s siiown in Fig. l 5 . 
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The above costs are representative of plants that could be 

constructed with the current technological status. However, these 

costs could be obtained only after the time required for construction 

of a large plant* The only technology currently available for the 

organic cooled reactor in "the area of fuel is the U-32 w/o Mo. with 

aluminum cladding. The limits on this flael exposure in the reactor 

environment required are such that a large 300 MWE plant of this type 

would probably not be constructed. There are no large,organic-cooled 

reactors of this type under construction to use as a check point on 

the estimated cost in this report. 

The plant arrangements and other data for determining the 

economics is included in Report S & L l67li and Appendix II of this 

report. 
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a* Descripti<»« The sodiisn gmidiite zvactor i s a heterogeneous 

ftieled, gra^iite moderated, soditm cooled -Uiamal reactor. The reactor 

sjstem has tvo coolant loops betiie«i 1 ^ reactor and -Uite turbine. Badio-

actiire soditoa circnlates in 1 ^ f i r s t loop, remoTing the hi^t frc»n -^e 

ftiel and transmitting the energy tln?OQgh a beat exchaiiger to the seoondary 

lo€fi* The nonradioactive secondary sodium t ransmi t the heat to a ^rteam 

genex^tter i^iere stQsezheated steam i s farmed to drive a ttprbine. A sln^ili-

fled flov diagrsffli of ihe sodLxim graphite reactor plant i s shotm in 

Figtcpe 16. 

b . Te^33ical Stattts^ SuCficient research and development woik has 

been done to arrive a t tiM follofflng conclusions on teohni£al s ta tus: 

(1) R^ysics. Hiysics experiments have been made tm s ta t ic 

msasureaents on subcritical la t t ices and s ta t ic and dynamic eaperiments 

on the SRE. The fuel ^cmetry on the SW., consisting of molti-rod 

dusteirs, makes theoretical predictions of -tibe flux disla^ibution d i f f i ­

cul t . A considerable amount of inf ormaticoi on intra-cel l tlvx d i s t r i -

butioDS has been obtained from a series of exponential ez^riments on 

la t t ices contaiirijag both Th-U aUcy and sl ightly enridied inranium fuel 

{MAiSB. 3096). The resul-te of these measurements are useful in predicting 

c r i t i ca l masses, convex^ion ra t io , and fuel disadvantage factors in 

sodium graphite reactors. 

A related effort in sii^scritieal experiments consists of 

measuTffiiMnts on single fuel elemsrits in a graphite ^ t r i z , in the 

thermal column of a z>esearch reactor* These exper±iBBn^ shield essen­

t i a l l y the same data as can be obtained fr<nQ a fu l l exponential experi-

m«it but with somevhat reduced accuracy. They are useful as an 
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inexpensive means of screening possible fuel geometries. A critical 

experiment capable of mocking xcp large (18" diameter) assemblies will 

be operational in late 19^9. 

The iinportant SOR experimental physics information obtained 

to date has been acquired with the SEE; the extrapolation to larger areas 

have yet to be demonstrated. Experimental measurements of the isothermal 

temperature coefficient, control rod worths, and low power flux patterns 

have been made. The reactor oscillator technique has been utilized to 

obtain the reactor transfer functions at power levels ranging from zero 

to full power. From these data, the steady-state power coefficient and 

its associated time constants have been determined. In addition, tdie 

reactor oscillator and noise analysis techniques have been utilized to 

obtain the value for the prompt neutron lifetime. The results of these 

experiments show the prcstipt neutron lifetime to be 0,52^ milliseconds, the 

time constant of the graphite to be 600 seccaids, Idie time constant of the 

fuel to be 9 seconds, and the apparent over-all heat transfer coefficient 

between the moderator and sodium to be 180 BTdAr-ft^-*^. 

The reactor oscillator has shown the SRE to be an inherently 

stable reactor at all power levels and at all frequencies above 5 x 10"^ 

< ^ . No measurements were performed below this frequency; any instability 

below 5 X 10"** cps has no practical significance to a power reactor because 

of its very long period. The determination of the power coefficient 

provides experimental information irtiich will be of great use in predicting 

the stability of future sodium graphite reactors. The general agreement 

between -tiie measvo'ed 2}arameters, while oscillating at power, and those 

detejnnined hy theoretical methods give evidence of the ability to create 

a mathematical model upon which a theoretical analysis of ireactor 

stability may be effected. 
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Ife»surements to dete:CTine 'tbe long-term r e a e t i v i ^ changes 

hacve t^^rl performed and an ^ i |d r i ea l relation has bt.on developed for the 

predicticm of i^ese changes. 7 ^ msa^zrements have been made using fuel 

elenaxts "Hiiose exposures 3»ange iftrom 100 - 1,000 MSD/T, 

(2) Fuel and Ma'tertais. A-anmiber -of low a l l ^ metallic 

ursanium el̂ meoxbs hsnre been irradiated i n i ^ S3E, Fven a t the relat ively 

3J3I> eerater iienpffipatu3?e reached in ^se-SHE (13^3^) these materials have 

generally been demonstrated "to be :£msaMsfactary for eoct ended exposta'e. 

Hae only exception to date i s i^ie -̂*1§ Ifo east alloy, which has shown good 

dimensional s tab i l i ty under iSSE -emsiLtions a t low bumup. 

Additiemal tes ts of ^aefcalllc ^zranium and thoxdum-toranium alloys 

iurve been made in the W!B., Bi ^fibe MR tes t s , the teiii{»rature range on the 

uranium apecimmis was 900 t o J3O0% a t law bumup. Tixe thorium-uraiaium 

^aioy specimeiE3 (Th-10 w/o TJ irradiated at 1000^ have indicated that good 

dimoMional s tabi l i ty way be expected Tip to 11,000 MWD/T, Wil*. the 

possible excepticai of thopinm-aaraninm alloy, tes ts have generally proven 

metal fuels to be ixosatisfactoicy J'or i ^ advanced S(M in i^iich center 

^feensperatures above lUOO F̂ are ivifaired. 

¥J62 has been examine fiar "S§)|Aieation t o sodium cooled 

ve&G^XBes, and an expexdmfflxfcal 19-^od elraient has been inserted into the 

SBS. SxtensiTe effort on n02 a t otiier s i tes has iaidicated good radiation 

s tab i l i ty a t high baxmq? at low ^nxSaoe teii^seratures. Bee^tj^e of the 

vsery law thternffll condnetiviiy ^ 1 BTO/W-ft-®?) of TO^, i t i s of limited 

inteise^ 'bo Mgh pex^ormanee laodium ffysbema. In order to iake advantage 

of 1 ^ heat transfer characteristios of sodium, a fuel element should be 
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capable of providing heat fluxes of 1 to 3 million BTU/hr-f t to high 

l̂ enperature sodium. The surface of ivhe element should e^erate at 

temperatures In excess of 1200°F. 

.Uranium mono-caibide with a melting point of U300°F aid a 

thermal conductivity of about Ih BTU/hr-ft-°P is being Intensively 

investigated for use in sodium cooled reactors. Only limited information 

is available at the present time on the stability of the carbide under 

high teirperature irradiation* Two capsule tests in the MTR have been 

completed. In the first of these, the carbide was irradiax'id to about 

1,000 MWD/T at 1600°F central and 1200°F surface tenperatures with no 

apparent change in the specimen. The second specimen was irradiated to 

6,000 MWD/T with a center teuperature of 1600°F (with peaks to 1900°F). 

This specimen showed some cracking and sp̂ iLling but no severe density 

change. This specimen contained slightly more carbon {$%) than stoichi­

ometric (U.8^)* Fission product retention was excellent in both specimens. 

The uranium cazbide development program has compiled preliminary data aa. 

cemipatibility with Na and NaK, thermal shock, some physical properties, and 

considerable arc-melting fabrication experience. 

Reactivity considerations limit the amount of sodium in the 

reactor core and thermal stress and thermal efficiency considerations 

tend to limit the sodium temperature rise through the core. In order, 

then, to operate at a high specific power, sodium velocities of approx. 

25 ft/sec through the core are required. Therefore, the conditions that 

a sodium-cooled fuel element must withstand are those of high surface 

temperature, high heat flux, and high sodium velocity. Carbide ftiel offers 

promise of meeting these requirements. Problems of irradiation damage, 

irradiation induced outgassing, thermal stress, and moderator canning 

require more consideration* 
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(3) Heat Transfer and Haid Flew. Heat transfer experiments 

with liquid metals have been actively prosecttted since 19U8, with the 

inc^tion of the Navy spraisored SENIE program at KA^L. 

Simultaneously, a general lit^d metal heat transfer research 

-progesk was initiated at botdi EAPL and HSA. This information was devel­

oped to provide analytical information for core heat transfer purposes 

and liquid-metal-to-liquid-metal heat exchanger designs. 

Goncturrent with these efforts sponsored by military programs, 

heat transfer experiments aimed specifically at EBR-I conditions and 

requiremenia were in progress at iAm Argonne National Laboratory. 

Heat iiransfer work at Atomics International commenced in 

1 9 ^ as a part of the research and developnent program supporting the 

SRE cemstruction. Actual heat transfer work was limited to specific 

engineering applicatiorffl, sudh as heat r^noval from frozen sodium seals, 

boKh static and rotating. 

Liquid metal system l̂ ydraulic experimenljs were undearfcaken as 

a part of the SIR dCTrelopment program, which extended frcao 19^8 to 19$6, 

DimensionLess parameter correlations of liquid metal behavior up to temper­

atures CHI the order of 850° have been derived. It is considered that 

sufficient hydraulic and fluid flow information has been developed to 

aapport routine design of liquid metal heat transfer systems and equip-

raent. A large area of uncertainty still exists, however, in the field 

of natural coinrection under lew flow conditions, "Stagnant" liquid 

metal, unf raptunately, de)es not remain stagnant. Inl^naal ewmvection 

circulation loops are very easily set vp, because of the high thermal 

conductivity, high film coefficients, and moderate density change of 

liquid metal with temoperature. Effects which are both unexpected and 

- 63-



startling frequently crop vp when even carefully designed liquid metal 

systems are (operating. Because the behavior of these fluids is not as yet 

ccnpletely understoexi, there is a continuing need to perform both scale 

model and full scale experiment's. Loop-type e:q>eriments on model and full 

scale components have been in progress at Argonne National Laboratory 

since 19U9, and at Atiomics Ijitemational since 195U> to develop and demon­

strate satisfactory performance of system components in liquid metal 

cooled reactor systems. During the period fran 1950 to 1956, similar 

experiments were undertaken by Oak Ridge National Laboratory, as a portion 

of the ARE was liquid metal cooled. 

(1;) Ooolant Cttiemistry. Sodium exhibits excellent compati­

bility witAi most metals and ceramics, including both cladding and fuel 

materials. The corrosion rates of steels, zirconium, uranium and uranism 

alloys, thorium and thorium alloys, uranium carbide, etc., are extremely 

low in pure sodium below 1200OF. Data above 1200?P is lacking. 

No decomposition products need be considered, as sodium is an 

elemental substance and transmutaticm to magnesium 2li by neutron absorp­

tion is exteemely slow. Difficulties with sodium chemistry stem frcwi 

impurities rather than the metal itself. Oxygen, carbon, lithium, and 

calcium are representative impurities which exist in small quantities. 

Development of analytical techniques t^ determine quantitatively the 

amount of these impurities present is in its infancy. The difficulties 

stem from the chemicjally active nature of liquid metals, which reqiiire 

that they be handled under an inesrb atmosphere which may itself not be 

pure. 

High temperature liquid metal chemistry and technology was 

initiated in 19U8 by the Knolls Atemiic Power Laboratory, Oak Ridge 
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Natlobal ^Labcxratray* a^cl Ax̂ oame National Laboratexry. Handling of molten 

lit|EC0 iMta^ a t temperatures up to 120(^ w&s ii^msrtigated, wi-Ui -^e bulk 

of jjlterest a t ib&t time lying aifoand ^ 0 ^ * Heans of removing osq^gen 

from sodium aad aa&tmHpota^mn alloys were developed. Tl^se early devel-

opmaats involved "cold traps" to precipitate the cocide a t lc»er temi^r-' 

atuxfis than existed in t ^ pro<»a3 s^ystem. "Hot tE<a$3" fexr final systeii 

03̂ $ieai cleanijqp were developed %- Atei^cs Ihternatioixal in 1956, 

Analysis fcor oxygen in sodium has aiixsys been difficult due to 

Iseck of coif idenoe iSmb I to sodium wasapbe «es not C0n''̂ eaninated during 

i^noval. LaborioEBS techniqaBaB, cMefly miereury amal^am^tian schemes and 

high teii^>erature tMstHlaticn jaetbols, have beei developed for quanti­

ta t ive analysis <^ wcy^^a as i»»i±Qm ooeicte. other impurities in sodxcmi 

have not i^mrod tro^leasome a t teiop^i^ttures vp to 1000^ with helium and 

argon inert gases as eawer* Nitrogen ^^larently does nosb react with 

sodium, nor does i t dissolve in any significant araotunt in pure sodium^ 

Evidence of nitriding i n n i t r o ^ n cover systems has \^ea occasionally 

reported. !Bsntative information indit^rtes -^lat, quite p (^ ib ly , transport 

of nitrogen in liquid metal sysi^e^ i s dxee to inpurities such as carbon, 

l±yiium, and ca ldua . TIxe exact role of i ^ s e imparities i s not yet 

utsiexstood. 

Experimesit^ in a l l of t^hese J^boratories indicate that, up to 

about 1000^, ns^s transfer i s not a problem. Above tdiese ts^tperatttres, 

maas tacansfer amsm to sppesT<^ Transport of radioactive atans may even-

tnaUy parave a nuisance i n aec s s s ib i l i ^ to liquid metal reactor primary 

systans aft»r shutdown. No effects sudi as plx^ging of small pipes and 

orifices hy deposition of mass transfer productis i s sxpected on the basis 

of the evidence now at hand. 
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Sodium appears to be a noncorrosive substance. The productc 

of a sodium water reaction, sodium hydroxide, is, of course, extremely 

corrosive when in a water solution. This is of importance in the second­

ary system where possible contact with boiler water may occur due to a 

steam generator failure. All the evidmice accumulated at EnoUs Atomic 

Power Laboratory, Ax^onne National Laboratory, Oak Ridge National Labor­

atory, and Atonies International since 1952 indicates that, if sodium is 

reasonably free of oxide, it is essentially inert to the usual materials 

of construction in high temperature systems. These materials are the 

austenitic stainless steels and most high strength ferxritic alloys. Some 

decarbonissati<xi of ferritic steels has been detected by Atomics Inter­

national} this tendency to carbonize or decarbonize can be effectively 

corabatted "bj adjusting the chrcssium content of the metal. 

(5) Sor^onents and Auxiliary ^ t e m s . The developnwnt of 

liquid metal con^onents had its start in the SIR (Navy) prc^ram. Most of 

-̂ lis informatimi is still classified, and therefore cannot be properly 

discussed in this publication. The unclassified work vblch has been 

performed at Argonne National Laboratory in si^iport of the experimental 

breeder reactor program, and at Atomics International, in st^iport of the 

sodium graphite reactor program, has provided -̂tie following backlog of 

experience in the design and manufacture of liquid metal heat transfer 

components . 

(a) Pumps - Liquid metals lend themselves to the use of 

electrcmiagnetic pus^s, and these have been developed to a rather high 

degree. These pumps are, henrerver, generally expensive and their effi­

ciencies leave something to be desired (lih%)» Argonne National Labora­

tory «Bd Atonic Power Developmeixt Associates, in cooperaMon with pump 
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•vesBAova^ tacn dervi^eiwd aad t»st<»i ^H^il led UqoidHBetal-beffl^ti^ pcra^, 

in nidL^' iiitt' liq^dd metal belag: praped proeviiss a «pp«>̂ Hrare pod" tgrpe of 

b e a r i ^ labricatdum> a t ttm ijopeilsr* TSadM type o£ -pm^ has pî cf ormed 

well en test^ aad i s sp«3ified for -^le Fem^ reactor iiasriallation aad pmrt 

of Has ̂ E f d pl^xt . I^e^»e-S8al pcssps with organic (tetniion) eoolisg 

are ij^sop^i^iblie i^tli sodium i^^stems. 

(b) Valvar. Li^Bid metal valves are uaiepae in their 

requirements for sxtremeiy h i ^ tesaperature^ opran^ioa. &arae form ai steai 

seal i j^ i s necessary. Ttf& enEzisBt me^te^ kave bses i^i^>Blop^ to a pc^ait 

of feasibi l i ty . One i s i3m b^leni^ seal ŷL«& taki^ ^ss ^.''ace of the 

stuffing booE a t the cpi^^tiag i t e f t , A aeeoi^ type of s^r>. ^iraaling i s tbs 

f r ^ ^ e aeal . E»e& of theas^ ^fpe» i» in use, in the sedian v^estaaf^ exper­

iment and in EIB-X* Aan^s-4haH»s^ lesdcage rsssdisa a pGroSsl^. 

(c) HMit BxesNamge lepiipawst. Tbe Itoit exchanger iafen*-

aa-̂ Lon i^ meager̂  aad s»neMmes iaa^prefriate f&c the dMd^ «f liG^tid 

m t a l hoBtt esc^aagesns^ toth lifBifib,aBtal<>to>-liipidr^etal aad l l ^ d ^ 

metal-to-4rat^rj (^as^^ijmmm dsvi^LepaBi^ of l i foid metal heat exi^angers 

on wl£tely fIjoetuati^ seal^i of ^ f e r t has been uztde^ wsy since lSk^» 

Sudden trsEasieuts aam r^pddly reCLsi^ad in t i » materials 'f^d^ make i^ 

-&e bsact transfer sqpparat̂ as in a aadiua s^witiem, Tb^mal stresses resul t 

asA eoaseatiimiil «^pdpra3ixt, with lemt ai^ieas^cm. paid to tiiermal transi^i^s, 

o f t ^ sa££«FB uSaesi s»d^Jeeted to l i t p id metal service. A fsraily of heat 

KE^aagN? eonscepts hss b e ^ dê ^&Lilied over* the past fesw yeao^, but no toat 

eocehagger equiprae^ has ye^ "beem. b»ilty widjdt i s t ruly Qrieslt»d to l l c ^ d 

metals^ although smm has b a ^ e&asmi^nd aaad designed. fla& Weami plant 

mibodiea possiJ>iy the most advamoed Ucnoii me^l-to-liquifit-metal l»a t 

ffischai^ers yet devised, and tl»SBB arppear to reflect most of the cr i ter ia 
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believed necessary for successful fatoieation of this type of equipment. 

A:cfa«ii#/#il̂ i5ablesodiuil steam genisrator is ndt presnttly availi^e. 

(d) Piping and Component Heating. Because of the ele­

vated melting point of most liquid metals (20d9F in the case of sodium) 

it is necessary to preheat the system and components prior to initially 

filling, or refilling after draining. The schemes for doing this are 

simple and require no further develcpnent, only design for a particular 

applieatiem. 

(e) Controls and Control Mechanisms, Use of "thimbles" 

is possible in low pressTU?e reactors. This permits the use of control 

mechanisms which are not exposed directly to flowing sodium. Upon with­

drawal of the rod, no poison is introduced into the thimble, and the 

control rod effect is maximized. A major disadvantage associated with 

thimble type contarol rods is dissipation of the heat generat^ed in tSae 

rod by neutron capture. . 

Control and safety rod drive mechanisms are simple and 

can be devised satisfactorily in various ways. The low pressure of the 

system permits the use of a simple mechanical seal when necessary, and 

elaborate means for contains»nt of a high pressure, radioactive ^pstem 

are unnecessary. 

(f) InstrumMitation. Reliable sodium process infor­

mation, such as level, flow, tei^>erature, and pressure is available for 

systems at teB^>eratures below about 9009P. Above this temperature 

difficulties associated with high temperature insulation l»gin to ajipear. 

It appears that there is no obstacle to the use of electromagnetic flow 

meters at 12009F in the near future^ but considerable development 
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fSBaSBa^*tefacB level indieatavs âod preuNlui'e gc^es '̂oan bn ^qaected to 

peaBtneem ̂ rmMM^ly in IMs toBpeagature range*. P^Hsi^Iy iihe m^st presadi^ -' 

imaaMJi^ nagd in tbia i!^ard i s «et atbi»i»ate praMigge i^ge, iftiieh eould 

also be oseKl • ^ a flew iadiestQa' in eooiaBctian mWa. a diffiorential 

pveasuaas eeU. Ho sui^ iimtraoasat i s <aa?reatly amiliiblB. 

(g) l a w t 6tes landling. The cfaamieally reactive stature 

of most liqpiid natals in mygmtiSffeBt^ a demaiai for wa iaart gas atmos-

pbsEFB idieoeiver a free erar&rae exists in i ^ iWRstor ^^atam. These inert 

gas Jitaoa^iBres «ee '^mr pEesaone t^faimm, ^meaeatU^ l e s s Ûian 10 pai gage, 

aaagd present â  problen enly ±aaa£ar vm gas me^es^ i s eonc>tmed. Noble gases, 

vach ma helium, hste bssa aaod t o dacte. Fragtnrasttary evic^^ace garnered fresn 

the SIR program iraiieates itohb'nitrogen i s a satisfaetoxy scdxstitute for 

tbe more âEpemsive aad rarer hdiam s t twaparatnggs up to 1000*^. Exper-

imoitis axe currently in progx^ss %k Atomies International to verify "^e 

sstlafoetea^ perfsroaraee Jsf a i t r^o i «t -teuparatairgs J^ove 1XK90%. Other 

•aamm of aaidiam systois nse^pSjraniag tx> use argon as ^ iciailrer gas. 

(h) MainfcwiaaBe of i^tem CongKHients. Tire chemically 

reactive Tature of liqoid metals mf̂ Ees x̂ emoval and maintemni^ of mechan-

ieaa een^^aeats whii^ faaveiseen imnarsed in coolant someMbat more difficult 

than i f tlie coolant were not a efaemirailly reaertive substance. Techniques 

of xooaving sodinm-̂ eoated eonpooKits infeo plastic l»gs purged with an 

inert atmoaptoere tove beeai develGped. Primary and secomtery medbanieal 

pnaps are haadled tiiis way in a routine fashion wben xvdioaeMvity &s 

dmsajmi s n ^ . Staae iapro*^ syatem tscmixptm and coî ponents iriiich lend 

ttaeaselfss to direct mainte^aaee hSFfe b6»n draicmstrated in mxxsksq̂ . An'' 

eaEBB̂ e i s the " ôverflow" ssdian'dedQS^ reactor syat«s under study by 

Atcniffl Internatitmal. 

- 6 9 -



(6) Reactea' Saf e-^. The only operating sodium graphite 

reactor, the SRE, has been demonstrated to be extremely stable. Oper­

ating e:q>erience has shown -Uiat very little control rod movement is 

required when operating at full power under automatic cemtrol. The small, 

over-aU teinperature coefficient of reactivity renders unnecessary large 

amounts a£ control tar the temperature rise to operating conditions. 

This reduces the excsess reactivi^ and the numiber of control rods 

required. The negative, prompt, fuel temperature coefficient produces 

the stability of the reactor. The total steady-state power coefficient 

is negative at all power levels for the ease of a constant teirperature 

difference across the core, and is negative at power levels above 8 W for 

the case of constant flow of 1,U00 gpm. Below 8 MC, the steae^-state power 

ce>efficient is positive beejause of the moderator. Howev^^, the long time 

constant of the moderator (600 secemds) Implies that any instability 

would be of a very low frequene^ aad presents no control problem of any 

consequence. The analyses of the reactor transfer ftuition obtained with 

the pile oscillator have firmly establiaOied that the SRE is conqpletely 

stable in the entire range of frequencies investigated (0.0005 to 20 cps) 

at all power levels. 

Hazards analyses of SGEl systems have revealed that this 

reactor type is particularly insensitive to t^e "runaway" excursion. In 

t M s situation the worst result is partial melting of the fuel elements 

and rapid shutdown of the reactor. There are no materials iâ  the reactor 

whieh lurovide a soTirce of e^emical energy for e^qplosive accidents and no 

large storage of eanay as in a high pressure coolant. 

A more hazardous aeoident is the inprobable cue la which a 

small amouat of excess reactivi'ty is laserted over aa exteaded period of 
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timerTjith no corrective action taken, an excursion properly termed a 

"wal£taray" inc iden t . The hazard i n t h i s type of accident a r i s e s from 

the pcAsiiblity of boi l ing the soditm contained in the tqpper coolant 

pdennm t o the extent of reaching sodium vapor pressures, which JK^uld 

rupture the primary cooling systan, A .considerable amount of infoxmaticoi 

i s ^required oa heat t ransfer t o sodium vapor, Dcjppler coefficient as a 

function of temperature and other areas ^}f uacextainty before a completely 

r e a l i s t i c analysis of the "walkawsy" accident can be Bade. , 

On the basis of iafoanwation obtaiaed to date from e^peration of 

and experiments on SHE, the sodium graj^iite reactexr i s xmusually s table 

and easy t o operate i n a safe manner. 

c . Operating Experience. The operating e3q}ez^nce of a sodium-

graphite reactor has been l imited t o the SHE. There i s , however, c>perating 

data on the SIR (Sea Wolf) and the EBR-I tha t has provided data on sodium 

cooled systems tho t i^ the reactors were of a different type., i . e . , i n t e r ­

mediate and f a s t spectrum reactors respect ively , TSie SEE began i n i t i a l 

power runs i n July 1957* The pertonent experience obtained with SHE i s 

as follcnrs: 

The intermediate heat exchanger has not performed acc£KPding t o 

speedfications. An LMTD of 9€)°F a t f u l l power i s required ra ther than . the 

design value of 60°F, Themal c i rcu la t ion of sodium within the shell has 

been observed^ leading t o after-scram stresses* Dif f icu l t ies have been 

experiiNiQed with the freeze seal punps. Some bell(»rs-se£Led valves have 

fa i l ed a t t he bellows. miti&L cold t rap design was of insuff ic ient capa­

c i t y ; redesigned equipment i s now ins t a l l ed and i s c ^ ^ b l e pf removing 
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any amount of oxide so far introduced into the system. The most signif­

icant equipment problem was a high stress condition tAiich existed around 

core tank nozzles after scram. This condition has been corrected by 

installation of eddy-current brakes whidi limit post-scram convective 

sodium flow and reduce thermal transients in the nozzle vicinity to an 

acceptable value. No other equipment problems of a nonroutlne'nature have 

been experienced* 

Load following. The SRE has been operated as a load forcing, 

rather than a load following machine. However, test transients of up to 

20^ power increase per minute have been induced and successfully followed 

manually with the reactor. 

The transient convective sodium flow following scram has been the 

principal problem encountered to date, Theimal convective flew is most 

difficult to coBpute accurately during design of a liquid metal system, 

and a means for controlling the post-scram flow was not initially Incor­

porated into the SRE S3r8tem. Later Installation of this equipment has 

eliminated this major transient problem. The reactor itself has proven 

exceptionally stable and easy to control under transient conditions. 

Fission prexiuert; gases have been detected in the inert gas atmosphere 

above the top pool of the SHE. Quantitative measurements of this activity, 

have so far proved inpossible due to the low level of activity; detectiem 

has been by gamma ray spectrometer only. 

Expansion of the uaallcyed uranium fuel has apparently occurred in 

the most highly iiradiated (center) sections of the central fuel elements. 

The ten mil clearance between fuel slug and cladding has been closed by 
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fuel edq>ansiQn, A maximum of four mils distortlxin of the cladding has 

been observed after 1100 MHD/MT irradiation. No rupture of t^e fuel 

cladding has occurred; observation of refermice ftiel elements is contin­

uing in order that irradiation may be .Stopped before reaching cladding 

failure. 

The life of the SEE core was terminated by failure of the fuel 

cladding of a nuniber of elements. The cladding failttre was discovered at 

the end of power run lU on July 26, 1959, and has been attributed to local 

erverheating of the i\iel element rods caused by obstruction or blockage of 

coolant passages hj foreign matter in the primary coolant system. Based 

on preliminary information, the meeshanism of the clad failure was formation 

of an irou'̂ uranium eulectic. 

The main obstaê Le to quick repair of the sodium system is airaiting 

decay of the Sexiiam 2li activity. By advance scheduling e>f down-periods, 

it has been possible to minimize the outages necessary to permit decay. 

Other work requiring the reaê tor to be subcritical or just critical is 

seiheduled for the decay period. Access to the primary system may be 

axpedited by draining the radioactive sodium back to the shielded fill 

and drain tanks. If urgently required, access can be had to the piping 

galleries about five days after i^mtdown. Normally, a decay period of 

about 10 dsys is takea. 

System and conpcment designs based on iisproving those areas idiich 

have been someidiat troublesome can be expected to farther simplify mainten­

ance procedures in future soditmi cooled reactor systems. The operating 

experience of the SRE is shown on Figure 17, 
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d« Plants Under Construction, A sodium graphite reactor plant of 

75 HUE is presently- under construction at Hallam, Nebraska, The Hallam 

Nuclear Power Facility (HNPF) consists of a 25U MWT sodium graphite reactor 

and the associated equipment for generating and delivering 800 psig, 

825° steam to a turbogenerator. 

The reactor is sodium cooled, graphite moderated, and will use 

sli^tly enriched Uranium 10 w/o molybdenvm alloy as a fuel for the first 

core^ Structurally, the arrangement of the react(n>, similar to the SHE, 

is known as a "tank-type", "canned moderator" to distinguish it from other 

proposed SGE configurations. 

The schedule for the SHE and the Hallam plant is shown on Figure 18. 

e. Economics. A reference design has been made for sodium cooled 

graphite moderated reactor based on the technical status suimiarized in this 

report* This design was used as the basis for estimating the cost at 

different plant ratings* The base parameters for the reference desi^ 

are as follows: 

SroH'IARY OF PUNT CHAR&GTERISTICS 
SODIOM GRAPHITE REACTOR PIAOT 

A^ Heat Balance 
1 . Total Reactor Power, lW(t) 2^0 
2. Gross Turbine Power, Mrf(e) 80 
3 . Net Plant Power, MW(e) 75 
U. Net Plant Efficiency, % 30.8 

B. Tuzblne Cycle Coaditions 
1 . Thrott le Teirperature, F . 850 
2. Throt t le Pressxire. psig 785 y-
3 . Steam Flow, Ibs . /hr* 7*19 x 10° 
U. Condenser Back-Pressure, i n . Hg A. 1.5 
5 . Final Feed Water Temperature, F . 300 

C. Reactor Description 
1 . Reactor Vessel 

a. Inside Diameter, f t . 19.0 
b . Overall .Height, f t . 3it.O 
c . Wall Thickness, in^ 0.75 
d. Material SS 
e . Design Pressure, psia 50 
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2. Riacttk* Core-
a. Active Diameter, f t . 
b . Active Height, f t . 
c . Active Core Volume j . f t l 
d. Lat t ice Arrangement 

3 . Reflector or Blantet 
a. Material 
b. Axial Thickness; ft. 
c. Ra;dial Thickness, ft. 

I;. Fuel Elements 
a. Fuel Material 
b . Clad Material 
c». Fuel Enrichment 
d. Fuel Element Geometry 

5. Material Inventories 
a . Fuel, metric tons-
b . Uranium, metric tons'; 
c . U-2;^, in i t i a l -kg* 

6. Reactor Control 
a* MiSldiod of Control . 
b . No. .of Control Elements 

13.lt 
13.5 
1930 
hex* 

Graphite 
2 
2 

U-10 w/o Mo, 
SS 

2.85 
rods 

36.7 
33 
9hO 

rods 
31 

D. Plant'Performance Data 
1. PrLmaiy Coolant Outlet^ Temp., .F. . 
2. Primaiy Coolant Inlet Te»5>̂ ,. F... 
3. Reactor Ten^). Dropi,.F.v. 
U. Primaiy System. Opera ting Pi.es5ure, psia< 
5. - Primaiy Coolant Flow Rate, lha»./tirj, 
6,. Avg. Gore Heat Flux, Btu/hr. --ft^ 
7. Max, Core Heat Flxix, Bta/hr. -ft* 
8.. Max. Cladding Surface TeB?>., F. 
9. Max, Fuel Temp., F. 

10. Core Coolant Velocity, ft./sec.. 
11. Peak to Avg. Power Ratio-
12. Core Power Density kw/ft^ 
13. Core Specific Power kwt/metria ton*U 
lij,. Secondaiy Sodium Outlet Temp., F. 
IS. Secondary Sodium Inlet Teup., F. . 
l6w. Secondaiy Sodium Flow^ Kate, lbs./^. 
17'. Fuel Bum*-up MWD/metrixs ton-U (average) 

9it5 
607 
338 
atraos, , 

8.14; X 10° 
121,000 
302,000 
1000 
1260 
l l . l t max. 
2,5 
12k 
7270 
895 
557 . 
8.01 X 10^ 
3000 

The power cost for-a 300'M5JE'plant extrapolated from the above 

design i s as follows: 

- 7 5 -

http://13.lt
http://ll.lt


Total Capital cost is - $90,900,000 6.05 M / & * 
Fuel cycle cost (300MWD/MT) 7,90 W/kwh 
Operation and Maintenance .70 M/Kwh 
Nuclear Insurance .29 M/Kwh 

Total Power Cost lk*9k M/Kwh 

The fuel material for the sodium-graphite reactor used in the 

reference design is U-10 w/o Mo. The fuel exposure is lljuited by the 

swelling effect which is a function of the % atom bumup and fuel 

temperature. An analysis of the swelling rate vs. ̂  atom bumup and 

tenperature for the U-10 w/o Mo. Indicates a shaip increase in the 

swelling rate at approximately 1130°F. The reference plant (basically 

the Hallan Reactor) for current status was designed with a fuel center 

line temperature of approximately 1260°F. This temperature placed a 

severe restriction on the % atom bumup obtainable. This resulted in 

a maximum fuelexposure at 1260°F. of 7000 MWD/MT l̂ ax. and 3000 MWD/MT 

Ave. 

As a result of the analysis on fuel exposure at different 

temperatures on the U-10 w/o Mo. and its relationship to economicS| 

a new preliminary design was made for the sodium graphite plant. 

The centerline tenperature of the fuel was reduced to 1130°F. 

The specific power of the core was decreased by the addition of more 

ftiel and the enrichment increased to provide more reactivity for 

bumup. The fuel rod size selected,was .33"* Hot channel factors 

were calculated for the new core design. The available data on 

U-10 w/o Mo. indicated that a fuel bumup of 1.75 atom percent 

(•;5r«),000 MWD/MT) Max. can be obtained at 1130°F. 

The base parameters for the new design are as folloi\rs: 
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Significant Design Parameters - 300 IM SGR 

Thermal Power m 881i. 

Electi^ieal Power 
Gross m 31$ 
Net m 300 

Reactor Gswlant 
Sodium Inlet Tenperature °F 607 
Sodium Outlet Tenperature °F 9ij5 

Reactor Core 
Hei^t Ft 15 
Diameter Ft 17̂  1 

No. of Elements 
Fuel 276 
Control 31 
Source 1 

Fuel Element 
Rods per el^nent 61 
Fuel Slug Diameter i n . 0.33 
Radifll Sodium Bond i n . 0*01 
SS caadding Thickness i n . 0.01 
Fuel Area in.^ 5.2 
Fro^ss tube I J ) . i n . 14..52 
Sodium Flow Area in.^ 9.U9 
Max. Fuel Teiperature °F. 1130 

Core Data 
PUSL Loading Kg of U 65.300 
Pu production gm Pu/Kg of U h*S$ 
In i t i a l enrichment a/o U-235 3.89 
Fimi enrichment (at discharge) a/o U-235 2.67 
Fuel exposure (average) JMQ/ITJ: 11,000 

The power c o s t f o r a 300 H&JE sodium p l a n t based on t h e raodifioat ion 

above are a s fo l lows : 

Cap i ta l 6.15 lVK»h 
Fuel GyxHe Cost li.l2 IVfe* 
Operation and Maintenance ——— .70 M,^^ 
Nuclear Insurance — .29 IvKwh 

Total Power Cost 11,26 Il/Kwh 

The power costs vs. size for the sodium jT-aphite plant is shown in 

Figure 19. This power cost i s based on a more optiinum ( s t i l l consistent 
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with current status) core design than was used for the Hallam Reactor. 

TJie plant layouts and other design data for determining the 

economics is included in report S & L 167U and Appendix III of this 

report* 
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SODIUM GRAPHITE REACTORS 
OPERATING HISTORY 

SRE 

THERMAL MWH 
60,000 

S H U T D O W N P E R I O D 

1 . Reactivi ty Checks 

2> Fuel Examination 

3. Replace M/P Pumps 

4. Drain Air Blast Exchanger 

5* Obtain Gamma Act iv i ty Decay 

6. Investigate Noise in M/S Pump 

7. Wash Hot Fuel Channel Elements 

8. Pressure Regulator L ine Broken 

9. Replace Hot Fuel Elements 

10. Instal l NoK Shaft Seal Coolant 
Circui t on M / P Pump, Overhaul M/S Pump 

10 

/ 

ELECTRICAL MWH 
30,000 

24,000 

18,000 

12,000 

6,000 

S E P T . 1, 1959 

FIG. 17 



SODIUM GRAPHITE REACTORS 
CONSTRUCTION SCHEDULE 

AUG. 1959 

t o • 1 

t ] o • 

1 
1 
1 
1 

1 START OF CONSTRUCTION 

O INITIAL CRITICALITY 

• FULL POWER OPERATION 

^ OPERATION CONTINUES 

1 1 1 1 1 : 1 1 1 1 1 1 

SODIUM REACTOR 
EXPERIMENT 
SANTA SUSANA, CALIF. 

HALLAM NUCLEAR 
POWER FACILITY 

•54 •55 •56 '57 •SS '59 6̂0 6̂1 •62 '63 6̂4 '65 6̂6 "67 '68 

SEPT. 1, 1959 

FIG. 18 



POWER GENERATION COSTS 
SODIUM GRAPHITE REACTORS 

vs 
COAL-FIRED PLANTS 
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"'' " * ^ S. GAS(-COOI£P Sifeofe - EaRICHED FOEL 

* a« Dtlwriptioa» Thm fiairiefe»3 iiraziitm gas«eo6^1ed reactiKr carrentl^ 

it^mr ooostractioa i» t td s eooBizsr iii a ^ i ^ i l t e moderated slightly e&v 

riidiid IK^^fn^ed stainle^i steed I^MA xsactor* Heli:^ i s used as the 

eoolimtf» Tbs reaietaa^ heat i s reaen^A tram the fael ti^ the heUm 

caciaaEt̂  ̂ OEsi i s 1»raiuBQltted to a boai. egKsbaiî er vhsre st̂ rara i s fbrined to 

drira tlte ixaAix»* A s l jq^l i f i^ floir diagraa pf tise gas-eooled reaetor 

i s stenm in Figure 20« 

b , T^lmi«tl Status^ V3tt najor ett&rt in the United States 

cm civilian gas-^ooled reactor has beeaa on part ial ly enriched fueled 

reactors* The i^et:im&Js>gy of eDri^<»i faeGL̂  gas reactors has not yet been 

denonstrated* Ho»e^ir» the ted^mology on the natural uranitm fueled 

reactosv in the iPtaited Eingdom phxs the vorl: OQ enridxed foel in this 

cwMB̂ ay i s sofficiest to establidi the folloviag conftLusions on tech­

nical statosr 

(1) Rgs^es« Ibe i^i^rsies o£ gas-cooled reactors i s based 

vspao. esEpexi^Kseib (^tain«i vi.^ natisral taranium î jrsteBS and c r i t i ca l 

9i3^mx±mmt data. Koannlizaliiffii to eiaric^^d i^-stem has been made th rou^ 

«^^z*inents coodEu t̂ed a t the latfcsd plant* Sofficittnt infonnation i s 

a v a i l a t ^ to calculate these ajfsibmm vl th a ^ o d degree of r e l i ab i l i ty . 

ISiarix^amtsat isp to aSxmt Z per cast permits ccsnpactness 

of the f u ^ l a t t i ce and resul t s in h i^wr pover densit ies. EeactiTi'^ 

life-feisies for teo peroraat enridbed ^rstes^ are in excess of l̂ ^̂ OOO 

HHDŝ T» I&Kmamic est^im^tes have heen made based, on 7300 t o 10,000 
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Less e:q}erijaental data are available on tenperature coefficients 

than f or natural uraniun systems* However, the coefficients are easier 

to calculate and of less inportance in enridied systems* 

Fuel eleawnts tend to be strongly divided leading to cluster* 

type ge<»ie-bries* Considerable progress has been made in calculating -Uie 

fine structare of the heat producticxn and removal within these deters. 

These conputations are normalized against experiments which have been 

made in Ihe 0hited States, United Kingdom, France and Sweden* 

(2) Fuel and Materials. All present desigas contciî late 

using UOo since it is the best known ceramic fuel* Hbst of the experi­

mental data available in this country on UOg perfonnance is for Tjater 

cooled systems however extensive data on UO2 for gas reactor-is available 

in other countries* The environment, most particularly the surfaces -

temperatures and central temperature of the UG2* strongly influences^its 

perfonnance* Accoixiingly, experimental data on gas-cooled reactor fuel 

elonents is lacking* The EGCR is designed to operate a UO2 stainless 

steel clad (20 mills) element from 7500 to 10,000 MWD/toC at a gas tesp-

erature of IO^O^'F* T^ical maximim clad surface tenperatures are in 

the range ll|00-l80G°F* TOiile no swelling occxirs in UO2 under iiradiation 

even at buildups in excess of 50,000 MWD/to, gaseous fission products 

diffuse from the lattice at rates sensitive to temperature* This is 

particularly inqsortant in gas-reactors wlwre the igrpical fuel element 

failure is postulated to result from excess fission product gas pressure* 

The tenperatTire at which fissicaa product gas production catalyzes fuel 
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FEEDHAIES FEEDHAXER BEAXEIS 
FDMPS 

COOLAHT FORZFKATION SYSTEK 

SIMPLIFIED FLOW DIAGRAM 

GAS COOLED - GRAPHITE MODERATED 
REAQOR PLANT 



dement f a i l u re i s not wsSLl jsaoim;. ^RbSs iai a ftaac^ion of Ina^y varid3il«s 

£i3c3:uding t h e i t t e i Blemsnt dei^ga. 

O) vEtoolairfc ChamiStiy* 3^0±tra -M used as a coaLant r a t h e r 

iS^an iBxxfbtm. iiwx§s6m in o r i s r to asiroid t h e oaz^acra 41axiie graphite chemical 

problem tm ^leleactors idiere the ^pss^M^j^ ^cpeiatiss^ teis^ezature would be 

$00 t o <60Cf C. 
r 

JSelxam i s chemicaHI^ I n e r t sod oompaltihle with the fuel 

WEBSL anoderatar -materials ihrot^hooalb i i i s tei^>erature inang'? of i n t e r e s t* 

©aseous impiU3±tiBS m ^ be p r a ^ s ^ iKaaeyep:^ :whoBe, ooooentraticms imist be 

k ^ t below Jipecified 11mits to jivewesA tsBSgxmatsti atte^^^ cm the graphi te , 

fuel olafldfKg aad o t t e r stracEtEoxai iaa^BesT±ai2»m 

Vitli ^ s t^Leam^ jsractioBB msm a'vadlable, i t i s possible 

t o epera^lie iseUism i n qecnrkaact ^wiiiii grsfftiitfe ml'& t«i$>eratares of 1100°F« 

CIO QfflnpBiBgHtB ^KBid. MxSl^Bi3^ SysteMU I t i s in t h i s area 

Mmi, -&& gresdbest waSmmEm «x3st Jta* fheltom ooolwd systems* Components 

1^ ^tofELa-te i B t e ^ i % - and jaa£wBamism m3i3jfft ±or JBD2* Adequate oompon-

^BSBSM. J^sr haliTim have i^et ^ be dejnslBipBd* A r e a l i s t roethod of de te r -

Toin^^ inlium leakage i s a o t imimmm ^PvUL-mca^ tempera tore and pressure 

^i^sriments on bloHsrs, -valines SBSL piping a re no t y e t jcon^leted* A 

cJiiui^B'i^isc&argB maohlne fxsr helimn ^cooled reac to r s iwmild have problems 

s imi la r t o idiose :for CÔ  TxesBmd :%7stea3nB •except greater leak t i ^ t n e s s * 

IsfSaacSLRaAimi a t tempeiatures of ^IOO-SOCPF and i n a h i | ^ radia t ion f i e l d 

msgr jiroaw irery dlfficHlt* 
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(5) Safely. The containment iiequirement for the gas-reactor 

has not yet been determined* 

c* Current Plant Design Parameters* The technology of this 

reactor concept is not sufficiently developed to warrant construction 

of a large central station power plant at this time*. Therefore no 

design parameters are given in this status report* An experimental 

prototype "ttiat is currently in a stage of advanced design will develop 

information upon i^ich a plant design may be based* 

d* Operating ElxperfaBce* No operating experience is cuirently 

available with slightly enriched gas cooled power reactors for civilian 

power application* There is considerable operating e:q>erience available 

on :na:tuxiiLt. uranium fueled system, which is applicable to Hie enriched 

system. 

®* Sdtiedule* The anticipated construction schedule of the 

enriched fuel gas-cooled reactor is shown in Figure 21. 

f, Economics* No cost data is given in this report on 

enriched fuel, gas-reactors. 
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B. Breeders 



B. Breeders 

The reactor types that are classified as breeders are: 

1. Fast (Plutonium Production) 

2. Thennal (Uranium-233 Production) Aqueous Homogeneous 

The primary objective of the breeder reactor program is to 

develop a power plant capable of achieving a net breeding ratio 

greater than unity. A secondary objective is to redxxce the cost of 

power to levels that are economically attractive.,\7ithout sacrificing 

the breeding objective. 

A composite curve showing the reference; design power generation 

cost of breeder reactors vs. coal fired plants is presented in Fig. 22. 

The technical status of each reactor concept included in the breeder 

reeustor class is strntmairLzed in the following pages of this section. 
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POWER GENERATION COSTS 
BREEDER REACTORS 

vs 
COAL-FIRED PLANTS 

SINGLE UNIT STATIONS - 1959 COSTS 
RATING AT I I / 2 " HG. 

20 

15 

10' 

FAST BREEDER (1K2% ATOM BURN-UP) 

COAL-FIRED PLANTS - 35^/M LLION BTU 

COAL-FIRED PLANTS - 25«!/MILtlON BTU 

50 100 150 200 
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NOTES 
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LOAD FACTOR 80% 
FIXED CHARGES 14% 
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BASED ON SL - 1 5 6 4 SUPP. 2 

LOAD FACTOR 70% 
FIXED CHARGES 14% 



1, FAST BBEEDEH BEAOTOR 

a. De8crJU)tion» In a fast reactor, no deliberate atteapt is nadu 

to aoderate the fission neutrons, and most fissions are caused by- neutrons 

iritfa energy greater than 0.1 HEV. This results in the use of h i ^ dansitT* 

fissionable material in small cbres, a large nuniber of fissions in fertile 

materials, conversion ratios greater than unitj and low flexible re-> 

activi^ requirements* Present reactors utilise two inteznediate loops 

between the reactor and the taziiioe* The heat is removed from the fuel 

by atm liquid metal coolant in the first loop and tr^oismitted through 

a heat esdianger to the second closed loop* The circulating secondazy 

fluid in the second loop transmits the heat to a boiler where steam is 

fomed to drive the tuzi>±Eie* A sinplified flow diagram of the fast 

breeder reactor plant is shonn in Figure 23* 

b* Technical Status* Sufficient research and development wozic 

has been done to arrive at the following conclusion on technical status: 

(1) Phjrsios. Critical eiq)eriments have been ran for mod­

erate size IT-235 fueled reactors and calculated critical masses have 

been determined within a few per cent* Iteactivitiy coefficients have 

been verified by differential experimauts* 

The worth of control materials for EBR-U and Bnrico Feivi 

have been determined* 

These data are sufficient for reactors under construction* 

The following iiqtortant typss of deficiencies currently 

exLst in the physics az«a: 
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(a) Alpha for plutoaium in the 0.1 MEV. range is not 

known to within a factor of two. This Is Important to both breeding 

ratio and control. 

(b) The cross sections of Pu-2lK) and Pu-2itl are not well 

known. 

(c) The reactivity coefficients for large Pu fast reactors 

win not be well known until certain special critical eacperlments are 

xiin. This applies to the coolant teoperature coefficient in particular. 

Additional codes may be necessary to achieve satisfactory methods of 

calculating these coefficients. 

(2) Fuels and tfeterials. The area which requires the 

most development for fast reactors Is the fuel cycle. In this area, 

the fast reactor has good potential but the present costs are high, 

H i ^ btimup or cheap and simple fuel cycle is desired. 

Data are available on 1̂ e irradiation stability of 

U-10 w/o iBOlybdenum and fission metallic fuel alloys. The data 

indicates a current limit of 2 per cent total Atom, bumttp at a maximum 

fuel teopexuture of llOO^F. Extensive work has been completed on 

cermet fuel el^aents with successful achievement of 25 per cent iiranlum 

bumttp in the tilspersed phase. Tbls type of fuel element with fertile 

material, as the matrix can give a high breeding ratio of about 1.5. 

However, vtth an inert matrljx, such as stainless steel, the breeding 

ratio is around 1.0. IMfoarttmately, the only extensive data available 

to date are on the cermet with stainless steel jsaatrlx. There is 

also meager but encouraging Information on ceramic elements. Work 

is regiiired on plutonlum fuels, methods of accommodating growth, 

and cladding materials for high temperature operation. 
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Low buza-19 of the fuel is the iBnediate and major 

problem area. This adversely affects the breeding ratio because of 

the quicker throu£^-pat^« d e hie^ fuel inventory results in a low 

specific power. 

(3) Heat Transfer and Fluid Flow. The basic heat transfer 

characteristics of liquid aetal coolants, particularly sodium, are 

excellent. Due to the excellent heat transfer ftbi coefficients, 

heat txmsfer is not a limiting factor in the fast reactor system. 

More data are needed in some specific eureas such as the effect of 

thermal shock on fatigue strength of materials and the effect of oxide 

and other filjns on the behavior of some fuel elements. 

Because the fluid flow behavior can be correlated with 

that for other fluids, such as water, the general infeioation available 

is adequate. Special problems need further investigation. Some of 

them are: (a) The nattnre of fog formation in the cever^gas, (b) re­

moval of vapor in vapor traps to iirevent plugging of gas lines, and 

(c) flow distributi<»i for unique geometries. For a fuller discussion 

of the heat transfer properties of sodium see the discussion on the 

status of sodium sraphite reactors. 

(U) Coolant Chemistry. As a result of the operation of 

large system|),>sa(&^ asithe SealiWic^yV'th^ ̂ enenp. b^avi^r > 

of sodium coolant systems has been determined and is considered to be 

excellent. This plant operated with no sign of sodium corrosion or 

mass transport in the sodiiBs system, and it is felt that operation 

below 10OO<^. has been satisfactorily demonstrated. Further information 

is desired on some Gtpecial materials and on deration with a cover gas 

such as nitz^gen. 
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Mass transport of carbon is of concern above lOOO^F 

if certedn materials like ^ per cent Cr, 1^ per c«at Moly steel A M 

used. This is a problem associated with diffusion of carbon out of the 

Cr-NoUy steel and absorption by stainless steel. 

More economical methods of purifying sodium, particu­

larly of oxygen, is required. liî roved purity Inspecticm is reqoired. 

An AEC program is currently under way to develop the techniqae for 

oxygen removal. The problem of detecting ropttired fuel elements has 

not been solved and requires immediate attention. 

In general, the basic behavior of sodium has been 

excellent. It is a rather new coolant; therefore, the aayriad of 

chemical analyses which have been developed for water hjave not yet been 

developed for sodium. Although excellent work has been done on 

Na-H20 and Na-Air reactions, further tests should be carried to a more 

quantitative concltislon. 

(5) Conponent and Auxiliary Systems. Operation of EBR-I, 

the Sea Wolf, the l/lO scale model of EBR^II, and Individual ecmpaaeat 

tests have demonstrated that h l ^ t^operature, compact reactors cooled 

with a coolant which reacts with air can be successfully operated. 

It has been demonstrated that reactor mechanisms can be operated in 

sodium and sodium vapor and that heat exchangers can be designed for 

radioactive sodltra service. 

For the Enrico Fermi plant, APDA developed a single 

walled, once-through-type steam generator. Long-term pdrformance tests 

are desired. Economically reliable steam gaiezators are not currently 

proven technology. 

The maximum operating temperature to \Ad.ch sodium can 

be successfully handled without coirrosion In standard materials of 
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eoaftniBtlOD has not been estslbllshed: it is bellered to be about 

1200-1300^. Beactor ajaXau wbleh have been operated or which axt. 

eoastroctloa have been limited to 900®F., except for l^e short time 

SRE denoastratlon at 1000*^. 

For a fuller discussion of sodium eosQtonents see the 

sodium graphite reactor euzrent status section. 

(6) Reactor Safely. The inherent chax«ctexlstics of fast 

reactors which are of peculiar inpertance to their safety are as follows: 

(a) The lack of aoagr moderator results in a short 

prompt neutron lifetime. This increases the damage potential of a 

prompt exeuirsion if enou^ reactivi-ty were suddenly introduced to make 

the reactor pronipt critical. However, this isype of reactor does not 

require large available excess reactivity. 

(b) The short time eoBstant for heat tinusfer gives 

a close coigpling of reactivi*^ response lAilch prevents the reactor from 

getting on shmrt ptotods. 

(c) The strone reactivi-ty effect of core distortion 

and the large teiqperature gradients cooBonly oicountered make possible 

prompt positive power coefficients and tendencies towaird power oscil­

lations unless core distortion is cCTitroUed. This is being done in 

reactors being built. 

(d) Owing to the large amount of fissionable material 

pires^at, an aggliaeratioa of the core dxie to melting couM result in 

a critical reassedsly and snbseqxient energy release. This is prevented 

by design of a so-called melt-down section. 

The safety problems of the fast reactor were high­

lighted due to the behavior and the meltdown of EBR-I during special 

physics tests. 
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The early demonstration of a proi^t positive power 

coefficient in the EBR-I led to speculation that some inherent charac­

teristic of fast reactors was at fault. Although not as yet conclusively 

proven, recent experiments have yielded circumstantial evidence at 

least that core distortion was at fault. If this is the cause, then 

there «3^ no ijiherent fast reactor characteristics which make it less 

safe than other power reactors. 

Extensive woiic is being carried out GR reactor safety 

associated wi'Ui the characteristics attributed to fast reactors. The 

problmn receiving most attention is melt-down and supercriticality and 

consequent energy release associated with non̂ «ioderated systems with 

h i ^ concentration of fissionable material. The results to date have 

been encourag^g, but analyses have not been extended to plutonium 

systems nor to larger reactors. 

c. Operating Experience. The operating experience on fast reactor 

is limited to EBR-I. 

EBR-I - Operation of this reactor, lAiich was the first reactor 

to produce power, began in December 1951. As a result of its operation, 

the principles of op*)pation of a fast reactor cooled with sodium were 

successfully demonstrated. Considerable information on reactor pl̂ rsics 

was obtained. FLans are now under way to load the reactor with plutonium. 

EBBi-I was placed into operation in 195l» During the lifetime 

of the first core (Mark I) the major emphsMiM was on steady opezmtion to 

obtain breeding information as quickly as possible as wall as information 

on the engineering behavior of the system. Under certain start-up con­

ditions certain operational anomalies were observed. These occurred 
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only under extreme operating conditions and were totally absent during 

routine operation. 

The introduction of the second core (Hark U ) was accompanied 

with an experimmital program thab increased operational anomalies. 

These consisted of oscillations in power level when the sodium flow 

rate was drastically reduced, and 12ie appearance of a positive temperature 

coefficient under 8tart-aq> conditions, wi-Ui vezy Eftiort flux doubling 

periods and with zero or no cdtlant flow* la aam experinemt in which 

the doubling period had been reduced to approximately 0.3 seconds, a 

delay in scrammiqg the pile permitted the tenperature to overshoot so 

that the uranium became heated above the tenperature (roughly IZ^O*)^ 

at i^ich the tiraniam-iroa eutectic forms and the center of the e^re 

melted, forming this eutectic* The core was allowed to cool from the 

time of the incident in Noveafcer until June of the following year before 

an attesqpt was made to remove it from the reactor. From ap analysis of 

the core it appeared -&at in a meltdown of a sodium-cooled fast core, 

the core tends to disasseidQie itself, reducing iiie reactivity and 

power level. 

la conclusion, the EBB-I Hark II core had am instability at 

low coolant flow rates and a positive temperature coefficient for zero 

flow and £or start-^p periods* 

The third EB&-I core. Hark H I , has a more rigid core as well 

as a modified coolant flow pattern* The operating experience of EBR-I 

is sOiowB in Figure 2 ^ 

d* Plants IflMJer Construction* The following plants are currsatly 

under construction: 
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EBR-II - This reactor is a 60 MMT (20 MWE) fast reactor with 

an integrated pyro metallurgical reprocessing plant. It is now being con­

structed at MEJTS and is expected to go critical in the summer of I960. 

The fuaL elements are 1/6 inch in diameter f issium alloy which is 

sodium bonded to stainless steel tubes. Control is by fuel movement* 

The major coraponents and the fuel elements have been demonstrated by 

separate tests. This plant will be operated on a recycle basis and 

ultimately with plutonium fuel. 

Enrico Fermi Reactor - This developmental reactor is 

designed for initial operation at 300 MWT (100 MHE). The sodium tenper-

atui«s are 550°F entering and 800°F. leaving the reactor for initial 

operation and 600 entering and 900°F, leaving the reactor for final 

operation at high power outputs. The fuel elements are l/6 in. 

diameter 10 w/o Mo-U alloy which is metallurgically clad to zirconium. 

Aqueous offsito rep!r%cessing will be used. The primary system of the 

plant is essentially conplete, the preliminary operation of mechanisms 

has begun. The erection and preliminary operation has proven to be 

satisfactory. The primary system will be operated with dunaiqr fuel 

elements as a non-nuclear test facility for 1 year with sodium at 

plant temperatures. This test is expected to confirm mechanical and 

l^draulic operation of the primary system and to demonstrate its 

integrity. The plant is expected to go critical in the fall of I960. 

The operation of this plant and the EBR^II plant should demonstrate 

the feasibility and practicality of these plants operating on U-235. 
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Foreign Fast Reactors. The British are constructing a 

reactor of the same size as EBRp>II. It is expected to go critical in 

August 1959* ^ e Russians are operating one $ VM reactor for fuel 

development and have stairted the design of a larger reactor* 

The schedule for the fast bz>eeders under coiutruction is 

shown in Figure 25. 

e. Economics. A reference design has been made for the sodium-* 

cooled, fast bz^eder reactor, based on the technical status summarized 

in this report. This design was used as the basis for estimating the 

cost at different plant ratings* ^le base parameters for the reference 

design are as follows; 

SIJMMArar OF PLANT CHARACTERISTICS 
FAST, SCffilOM COOLED REACTOR PLaMT 

A. Heat Balance 
1. Total Reactor Power, Mir(t) 
2. Gross Turbine Power, MW(e) 
3* Net Plant Power, Mtf(e) 
ii* Net Plant Efficient^, % 

B. Turbine Cycle Conditions 
1. Throttle Teisperature, P. 
2. Throttle Pressure, psig 
3* Steam Flow, Ibs/hr. 
1|* Condenser Back-Pressure, in. Hg A. 
5. Final Feed Water Temperature, F 

C. Reactor Description 
1. Reactor Vessel 

a* Inside Diameter, ft* 
b. Overall Height, ft* 
c. Mall Thickness, in. 
d* Material 
e. Design Pressure, psia 

2* Reactor Core 
a. Active Diameter, ft* 
b. Active Hei^t, ft. _ 
c. Active Core Volume, ft.*̂  
d. Lattice Arrangement 
e. Lattice Spacing, in. 

UtO 
160 
1 ^ 
3lt.2 

780 
8^0 , 

l.li6 X 10^ 
1.5 
380 

11 .̂5 
36*2 
2 
SS 

6000 

3«0 
2.5U 
17.75 
square 
2.693 
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3. Reflector or Blanket 
a. Material dep. U-10 w/o Mo 
b. Axial Thickness, ft. 1.17 
c. Radial Thickness, ft. 2,k 

li. Fuel Elements 
a. Fuel Material U-10 w/o Mo 
b. Clad Material SS 
c. Fuel Enrichment 93 
d. Fuel Element Geometry rods 

5* Material Inventories 
a. Fuel, metric tons 0,509 
b. Uranium, metric tons 0,U63 
c. U-235, initial-kg. U30 

6. Reactor Control 
a. Method of Control rods 
b. No. of Control Elements 10 

D. Plant Performance Data 
1. Primary Coolant Outlet Tenp., F 900 
2. Primary Coolant Inlet Temp., F. 600 
3. Reactor Terap. Drop, F 300 
k» Primary System. Ope rating Pressure, psia atmos. , 
5. Primary Coolant Flow Rate, Ibs/hr. l6.lt x 10° 
6. Avg. Core Heat Flux, Btu/br.-ft^ 675,000 
7. Max. Core Heat ELux, Btu/hr.-ft^ 1,167,000 
8. Max. ClacMing Surface Temp,, F 1000 
9. Max. Fuel Temp., F 1050 

10. Core Coolant Velocity, ft/sec, 31«2 
11» Peak to Avg. Power Ratio l^hh 
12. Core Power Density, kw/ft^ 21,500 
13. Core Specific Power, kwt/metric ton- U 9U7,000 
11;. Secondary Sodium Outlet Temp,, F 850 
l5* Secondary Sodi\u» Inlet Temp., F. 550 ^ 
16« Secondary Sodium Flow Rate, Ibs/hr. 16.1; x 10 
17. Fuel Bumup (average) 2i*i8f̂ « 

The power costs for a 300 MfeE, sodium cooled plant extrapolated 

from -the above design is as follows: 

Total Capital Cost - $76,l;85,OlU 5.10 M/Kwh 
Fuel Cycle Cost 7.10 M/Kwh 
Operation and Maintenance .79 ^/Kwh 
Nuclear Dasttrance — — ,26 M/Kwh 

Total 13.25 M/Kwh 

The relationship of power cost vs. size is shown on Fig, 26. 
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The above costs are representative of plants that could be 

constructed with the current technical status; however, theso costs could 

only be achieved after the period of time required for construction of a 

large plant and equilibrium reached on the fuel cycle* These costs are 

based on a reactor designed for U-235 fasl (U-10 w/o Mo). A check poinb 

can be obtained by a cciqjarison with the Enrico fermi planfe, currently 

nearing conpletion of construction. The estimated (AEC estimate) capital 

cost i s $53,500,000 and the expected oubput i s ll;3»000 EUE. The expected 

capital cost i s $37VKWE or 7.1i9 I0MH. for fixed charges. The layouts 

and other design data for determining the economics is included in report 

S and L 1671; and Appendix XI of this report* 
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POWER GENERATION COSTS 
FAST BREEDER REACTORS 

vs 
COAL-FIRED PLANTS 
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2. THERMAL BREEDER REACTOR - AQPEOOS HOMOGENEOUS 

a* Description, Two-region circulating-fuel reactors are oonsid-

sred to be the most promising aqueous homogeneous thermal bireeder power 

reactors. The preferred type has a dilute (less than 0*03D) solution of 

urinjrl sulfate, predominately fissionable uranSum, in D2O in the core. 

The Th02 slurxy is in the blanket. Preference is based on the greater 

potential of the solution-core reactor for conbining high conversion ratio 

and high specific power to achieve an efficient breeder* Fuel solution and 

slurzy are circulated throu^ the reactor and steam genex«tors, where non­

radioactive steam is produced to dzlve a tuxi>ogenerator» The reactor plants 

require remote maintoaance of primary ̂ rstems and auxiliaries* "On-site" 

processing shears to be desirable for largt power stations. 

b. Technical Status. A central station plant of this concept could 

not be built based t^on current technology. However, sufficient tedinical work 

has been done to arrive at the followijog conclusions on technical status: 

(1) Physics. The physical and nuclear characteristics and the 

adjustment of fuel concentrations in homogeneous reactors are sufficiently 

simple -Uiat critical e^erin^nts habre been limited to startiq) eaiperiments 

on HHE-1, HHE-2, and the small research reactors. Reactor statics calcula­

tions are made by use of two-grocp methods in which the constants are based 

on data obtained from other programs. Agreement between calculated and 

measured critical concentrations has been good in small reactor e3q}eriments 

and should be even better as the size increases. 

Neutron balances and breeding ratios have been calculated by 

both modified two-group and mnltigroup methods. An important tmcertajjity 

in the calculations has been in the value of vi, the number of neutrons 

emitted per neutron absorbed in the fuel. The best value, based on 
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recent careful ineasureinents, is about 2,29 * .02/-.(^« This 

Shoold allow a breeding gain of 0.1"and doubling.timef of about 1S years. 

(2) Fuels and Materials. Investigation of fuels and materials 

both in- and out-of-pile, including the development of equipment for those 

studies, has constituted one-third to one-half of the research and devel­

opment program. Studies of potential fuels have led to selection of 

uraryl sulfate solutions and thoria slurries as being the most promising. 

Most of the criteria have been established for use of stainless steel as 

the geiaeral container material and Zircalloy 2 as the core-tank material. 

Titanium has been established as a potentially siiperior container material. 

(a) Solution Fuels. Solubility relationships have been 

investigated for urargrl sulfate in both H2O and D2O. The studies are 

being continued to establish details of the phase diagrams for the five-

coraponent reactor core fuel, U03-CuO-NiO-S02-D20(H20), in the region 

0 to O.OU m in UQj, CuO, and NiO and 0 to 0.20 m in SOo. Copper is 

present in the fuel to catalyze the recombination of radiolytic gas, and 

nickel is a soluble corrosion product. 

Hydrolysis occurs at high temperature and the hydrolysis 

products separate from the bulk solution as precipitates, which may or 

may not contain appreciable uranium (depending on the concentration 

region), or as a heavy liquid phase which is enriched in all metal 

constituents. 
4-4> 4*4- • *f"4* 

Dilute solutions in which the molar ratio 2^5 '*' "*" ig o.^ 

HSO^ 

are stable against precipitation of solids to at least 300^0 and the 

second liquid phase temperature is above 320°C. The temperature at 

which instability occiirs is raised by adding sulfuric acid to decrease 
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the ratio. There is little diffesreaoe between the solubilities in HgO 

and in D2O* 

Decomposition of the waiter is the only observed effect of 

reactor radiations on dilute uranyl sulfate solutions. At low te^er-

ature D2 and D2O2 &z*e produced, and uraxgKL peroxide precipitates fraai 

solutions at power densities above 1 KWAiter at 100°C« At power reactor 

tes^erattnvs, perOfidde decon̂ joses vezy rapidly and the products are radio-

Ijrbic g!^, D2 and O2. Copper sulfate is an effective catalyst for srecom-

bining the gases in solution to reduce the hazard and the problems of 

handling laz*ge quantities of gas. Concentrated solutions have been Irrad­

iated at the power densities that would be produced in large reactors, b ut 

facilities have not been available for doing this with Hie dilute fuels. 

(b) Thorium Oxide Suspensions. In the absence of a 

suitable thorimn solution, suspensions or slurries of thorium oxide in 

water are being develqped as reactor fuels. 

KLow studies have established that the yield stress 

increases with incivasing concentration and decreasing size of particles 

of a given shape. Current production material must be larger than two to 

three microns to obtain the desired 0.1-lb/ft yield stress in blanket 

slurries. Slurries must be kept in turbulent flow to maintain homo­

geneity. Velocities of 2 to 8 ft/sec are necessaiy to obtain folly 

turbulent flow in pipes. Heat transfer and fluid flow behavior of 

slurries in turbulent flow are those of a Hewtoaian fluid with the same 

physical properties. In laminar flow slurries are non-Newtonian having 

propertliiB similar to Bingham plastic* 

Irradiatitm of slurries for a few hundred hours at 

power densities below 10 KH/liter, representative of thf average power 

densii^ in a blanket system, has shoim no obvious effect on sluny 
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Tjrqperties, Longer tests at higher power densities are required to provide 

defiaitive data. 

Deuterium and oxygen are produced by irradiation of slurries 

also. Molybdenum oxide and palladium catalysts are being tested in-pile and 

out-of-pile and have reconbined the gases satisfactorily in-pile at power 

densities of about 10 KW/liter. Considerable additional work is required 

to establish their suitability for use in a reactor. 

(c) Corrosion. Corrosion of stainless steel, ZircsillGy 2, 

and titanium in uraryl sulfate fuel solutions has been studied extensively. 

It has been established that ASA isype 3hl stainless steel is a satisfactory 

material for containing the dilute fuel solutions in the heat-removal and 

auxiliazy systems of a homogeneous reactor if (1) the excess acid is less 

than 0.02 m or possibly 0.03 m, (2) the velocity is less than 25 ft/sec, 

(3) the ten̂ serature is below 150°C or above 250°C but below the boiling 

point, (U) there is enough oxygen in solution to stabilize the uranyl ion, 

and (5) the chloride concentration is less than 2 ppm. 

Below l50°C the coirosion rate is less than 2 vapj (mils 

per year) and independent of velocity. Above 250°C and with flows below 

a critical velocity the metal corrodes less than 1 mil in fonaing a 

protective film, and then there is essentially no coiTosion as long as -Uae 

film is intact. Above the critical velocity the film does not form or 

once ;̂ ormed is eventually removed and rates of 100 rapy are common. The 

intermediate temperature range is a transition region in which heavy 

scales that are only partially protective form. Corrosion rates are $ to 

50 rapy. The rates and their dependence on velocity increase with rising 

tenperature; critical velocities are low. Very few parts of a homogen­

eous reactor operate continuously in the intermediate tenperature range* 
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stainless steel is uaed if the velocity is low and a short service life is 

acceptable, but titanium is the preferred material for those parts. 

Increasing the acidity lowers the critical velocity and 

increases the corrosiveness of the fuel. Oxygen depletion results in 

reduction of the uranyl ion, hydrolytic precipitation of the reduced uran­

ium at high tanperatiu'e, and an increase in acidity. A concentration of 

$0 ppm of dissolved oxygen is sufficient, but 500 ppm is maintained in 

engineex*ing systems to provide against depletion in crevices and stagnant 

regions. Boiling depletes the fuel of oxygen. Chloride concentratix}ns must 

be kept low to prevent stress-corrosion cracking of the austenitic stainless 

steel* 

Experience in in-pile loops and in HRB-1 and HRE-2 

indicates that fission product radiation in the fuel circulating systems 

and Hie auxiliaries has no important effect on corrosion. A few hours of 

high corrosion, tentatively attributed to oxygen depletion, during the 

first low-power operation of HRE-2 has been followed by several thousand 

hours at rates less -ttian 0.5 n|3y. 

No important difference has been found between type 31*7 SS 

and other austenitic stainless steels. Titanivon and zirconium are not 

corroded appreciably by uranyl sulfate solution fuels at much higher acid-

ily, flow velocity, and temperature than can be used with stainless steels. 

Corrosion of zirconium is very severe in fuel solutions i^ch are 

contaminated by small amounts of fluoride. 

Corrosion in slurry systems is a combination of corrosion 

by water and erosion by slurry particles. Austenitic stainless steels 

appear to be satisfactory container materials for oxygenated slunries at 

velocities as high as 20 ft/sec and at all temperatures and slurry 
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concentrations of interest if the design of the equipment and size or 

shape of the slurry particles are properly controlled. Careful design to 

prevent flow separation is important. Irregularly shaped particles with 

sharp corners must be smaller than ̂  micrcos. The upper limit on 

size of spherical particles is not known. 

Stress-corrosion cracking has been troublesome in some 

parts of sluiry systems. The tolerable chloride concentration has not 

been established, Inconel and low-alloy steels idiich are highly resistant 

to chloride-induced cracking are promising substitutes for stainless steel. 

Zircalloy 2 and titanium are hi^ly resistant to stress-corrosion cracking 

and to corrosion and erosion by oxygenated slurries under severe flow 

conditions, ^ydriding of Zircalloy has been experienced with hydrogenated 

slurries when exposed to highly turbulent flow of mixtures of slurry and 

vapor. 

Zircalloy 2 is presently the only material which is suffi­

ciently good in corrosion resistance, mechanical properties, and low 

neutron-absorption cross sections to be useful for the core tank of a 

breeder. Exposure to fissioning solutions has been shown to increase 

markedly the corrosion rates of Zircalloy 2 and other materials. Corrosion 

rates of 11 mpy at 2^0°C and kO wpy at 300°C have been estimated for the 

core tank of the target breeder in fuel solution. The estimates are based 

on the correlation of results of mai^ teats over wide ranges of conditions; 

facili-W.es are not available for perfonning tests with dilute fuel solu­

tions at the high power densities of a large breeder. Tests have shown 

that zirconium-niobivira all(^s may be more corrosion-resistant than 

Zircalloy 2. 
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Preliminary tests in autoclaves indioate that corrosion 

of Zircalloy 2 is increased by eatpostore In fissioning slurries. The 

effect appears to be less Inportant than that found with solution fuels. 

(d) Chemical Processing. Krypton, xenon, and iodine 

are removed from th0 core fuel continuously by boiling a portion that is 

circulated between the reactor high-pressure and low-pressure systems. 

Iodine can be separated tram the vapor by reaction with silver in a packed 

column or absorption in water in a distillation column, !Bie vapor is then 

condensed, and the gases that are left are absorbed on carbon until they 

decay. Processes involving silver and carbon beds have been demonstrated 

on HRE-25 efficiency of the iodine removal process is still being 

determined there. 

Most of the fission and corrosion products have been shown 

to be' only slightly soluble in ftiel solutions under reactor conditions, and 

a method based on hydroclones (t̂ dratilic cyclone separators) was developed 

for rismoving the solids, A hydroclone plant has been operated in 

conjunction with HRE-2. The low solubility of fission and corrosion 

products has been demonstrated, but only about 10^ of -̂ le solids have been 

removed by the iQrdroclone* Most of the solids deposited on pipe walls and 

separated in regions of low flow in the reactor systems. Means are being 

sou^t for increasing tl» effectiveness of the hydroclone plant. Nickel 

and manganese, from the corrosion of stainless steel, and fission-produced 

cesium will not precipitate from ftiel solution xaitll concentrations have 

been reached trtiich could result in fuel instability or significant loss of 

neutrons. It is expected that -the processing rate will be determined hy 

the rate of buildup of corrosion products. The amounb of uranium processed 

dally should be so small that the solution can be combined with the blanket 
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slurry and processed in a Thorex plant. Uraî jrl peroxide precipitation and 

electrolytic methods for processing larger amounts of solutions rapidly in 

D2O have been demoiMtrated in laboratory. In HRE-2, the first batch of 

fuel required processing after a few hundred hoursj the second has been 

used for more than 5,000 hours. 

Methods are being sought for rapid removal of uranium and 

fission products from thoria wiidiout desti-oying the slurry particles, but 

at present it is necessary to convert the oxide to a solution of thorium 

nitrate in H2O and process by solvent extraction in a Thorex plant. Simple 

methods 'î ich should be easily adaptable to remote handling have been devel­

oped for converting the uranyl nitrate product to uraiyl sulfate in D2O. 

Thoria is presently produced from thorium nitrate in a 

pilot plant by precipitating -ttiorium oxalate, decomposing the oxalate in 

a furnace at 300°C, firing the resulting oxide in the range of 8OO to 

1600°C, and dispersing the dry product in water. Cubes or platelets with 

average size controlled in the range 1 to 5 microcuries are produced. 

Uranium has been incorporated in the thoria in U/Th ratios from 0,00^ to 

0.33 in the development of slurry fuels for the core of the alternative 

breeder, Metiiods of making spherical particles and of converting the 

nitrate directly to oxide are being developed. The processes must be 

adapted to remote handling for recycling long-irradiated thoria. 

ih) Coniponents and Auxiliary Systems, The component devel-

qpnent work has been directed primarily toward equipment for use in the 

Homogeneous Reactor Experiment (HRE-1) and the Homogeneous Reactor Test 

(HRE-2). Althoxiigh the HRE-2 has both a core system and a blanket system, 

most of the components in the two systems are identical and are designed 

for use with solutions rather Vnjan stispensions, 
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Sines suspensionsy or slurries, have not been used in elthu 

of the reactor experiments, the sluzny equipment problems have received 

Isss attention than corresponding solution problems. Much of the solution 

technology can be applied to slurries, although additional difficulties 

^u(^ as l^e settling tendency of slurries, their less ideal fluid-flow 

behavior, and their erosiveness must be taken into consideration* 

(a) Pressure Vessel. The HEE-2 reactor-vessel assembly 

presented a nunber of speolal design and fabrication problems* Since it 

was desired to test a model of a power breeder core, Zircalloy 2 was selected 

as material for the core tajok, i^ich is 32 inches in diameter and 5A6 inch 

thick. The main pressure vessel, 60 inches in inside diameter and h»k inches 

thick, was constructed of caAon steel with a cladding of type 31̂ 7 stainless 

steel* Because of uncertainties in the long-term irradiation damage of carbon 

steel, the pressure vessel was surrounded by a stainless steel, water^cebled 

blast shield which will stop any possible lalssiles from the reactor vessel* 

Thenoal radiation from the pressure vessel to the blast shield permits the 

pressure vessel to operate at close to an qptlmum tenperatiu^ distribution 

from the theimal-stress standpoint* 

(b) Solution Pmqps. Pui^s are required in aqueous homo«> 

geneous reactors to circulate solutions and slurries at 250 - 300°G and 

2,000 psi pressure, at heads of up to 100 psi* The two main considerations 

for these pumps are that they mast be absolutely leak-£ree and must have a 

long maintcnance-fr^e life* At this time the hen^tlcally sealed canned-motor 

centrifugal type Tpnasps are considered capable of meeting these requirements* 

They consist of a centrifugal pusp of standard hydraulic design and an 

electrics-drive motor, built in an in:^gral tmit* 
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(c) Solution Steam Generators* "The performance 

of steam generators required for homogenf ous reactor service, measur«i 

in. terms of absolute leaktightness during long-term operation, consider­

ably exceeds •Uiat of similar units in conventional plants* Primaiy 

efforts in assuring leaktightness for an extended period of time have 

been expwided in development of adequate fabrication techniques, in­

spection of raw materials and fabricated parts, and inspection and 

testing of the finished unit* No problems wi-tii leaks hay* been en­

countered in the small heat exchangers for HRE-1 and HRE-2 which were 

manufactured by use of those techniques. At the present time, failure 

of a steam generator in a homogeneous ]?eactor would require that the 

entire unit be replaced. This would be expensive and would lead to 

excessive shutdown time if failures were frequent. Methods to detect 

and repair leaks in place are in a preliminary stage of development." 

(d) Slurry Fuel Syst^ns* The development of HRE-2 

scale equipment for slurry reactors is less advanced. Slurries have been 

circulated in many loop tests under a variety of conditions* Two tests 

were for 3,800 hours each* Severe wear of Graphitar^telllte bearings 

and stainless steel impellers in ihe circulating punps was experienced 

in those tests. An improved pump with altiminum oxide beaidngsand a 

Zircalloy iapeller has operated for 2,800 hours with no significant wear* 

No completely satisfactory solution has been found for the problem of 

erosion of throttling valves and check valves in high-pressure feed puB?)S* 

Inprovements have been made in the hydro^ynamic design of reactor vessels 

for slurries, but not enou^ testing has been done to establish whether a 

satisfactory design has been achieved* 

(5) Safety* Effectiveness of the negative tenqjerature coef­

ficient in controlling the reactor has been demonstrated in HHE-1 and 
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H9E«2* ZVfaaB-been~eom^Ttdsd1Aiat control l o ^ in the 

reactors* Hbe kinetics of a variety of reactors have been investigated 

by Xialculation, and experiments have been done in HEE-1, HRE-2, and in 

tfar "waterMstriler* reactors* Criteria have been established for stability 

against divergent oscillations in power produced by the intfraction of the 

imdlssr msd:viBtstacB±cal systems of a circiilating-fuel reactor* Methods 

have been developed for calculating the power, tenpez^ture, and pressure 

behavior of a cireulating-drael reactor in relation to a s t ^ liczvase or 
» • • 

rate of increase of reactivity* The kinetics studies have befn used to 

establisth criteria for design of reactor pressurizer and pressxire-relief 

systems* 

c* Current Design Parameters^ The technology is not sufficiently 

developed to currently constract a central station power plant; therefore 

na design parameters are given in this status report* 

d* €^eratlng Experience* There is no operating ezperioDce on a 

-^eimal breeder reactor as such* HRB^l was not poteotially capable of 

br^Kiing, and the failure of the ZB-2 core tank on HilEiM2 prevfnted any 

at leiqpt at breeding with that system* However, the operating experience 

with both HSB-1 and HRE«2 is pertinent to the development of thermal 

breeder reactor technology* Both reactors eaiploT̂ d uranyl sulfate 

solution in the core and H^ in the blanket* ]lo reactor has operated 

with slurry fuels in core or blanket* 

(1) HRB-1* la 1950 construction of Homogwieous Reactor 

Experim^t (HHB-1) was undertaken to investigate the nuclear and chemical 

characteristics of a circulating-fael reactor at temperature and power 

sufficiently high for production of &Lectrlcltyfbom the thermal eneirgy 
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released. The reactor was designed to deliver 1,000 KW of heat from fuel 

solution at 1|820F and 1,000 psia, yielding, after heat exchange, steam at 

a saturation pressure of about 200 psia. Fuel was a solution of uranyl 

sulfate in H2O, The reactor core was an l8-inch diameter stainless steel 

sphere, reflected with D2O. 

The reactor was operated for about 2k months beginning in 

April 19^2. Liquid was circulated for about 1̂ ,500 hours | the reactor was 

critical a total of 1,9^0 hours and operated above 100 W for 720 hours. 

The maximum power attained was 1,600 KW, and a total of 6OO MWH of heat 

was produced. HRE-1 was dismantled in the Spring of 19$h to be replaced 

by HRE-2. 

Operation of the reactor demonstrated: 

(a) nuclear and chemical stability at average power 

densities as high as 32 KW/liter, 

(b) safe handlir^ of the highly radioactive fuels at 

high pressure and temperature, 

(c) effectiveness of tiie negative temperature coef­

ficient in regulating the normal reactivity 

fluctuations and in controlling power surges 

that result from large rapid additions of reactiv­

ity, making regulating and safety rods unnecessary, 

(d) control by control of fuel concentration and 

release of steam to turbine, making shim rods 

unnecessary, 

(e) safe handling of radiolytic gas and use of copper 

as a homogeneous catalyst to recombine the gas. 
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Although the reactor was not designed tor maintenance, the 

î iel circulating pump and feed pranp were replaced several times, and some 

other work was done in radiation fields as high as 2,000 r/kr by use of 

ii^rovised shielding and long-handled tools and without exposure of 

personnel beyond accepted tolerances. The work was difficult and even 

simple operations took a long time. At the end of the operation the 

reactor was partially decontaminated, and the reactor and shield were 

dismantled ty similar methods. 

(2) HRE-2. During operation of HRE-1 it became evident that 

a second reactor experiment should be run before attempting to construct 

a full-scale homogeneous power reactor. HRE-2 was built to provide a 

facility for investigating the engineering problems of operating and 

maintaining fluid-fuel reactors and the longer term effects of operation 

on fuels and materials, Basic design criteria were: a 32-inch-diameter 

core contained in Zircalloy 2 and reflected by a D2O blanket to penalt 

operation at 2^0 to 300^0 with a lO-g-U-per-liter solution of uranyl 

sulfate in D2O as the fuel. Cost considerations led to the specification 

of 5*000 KW (thermal) for the power. Although the average specific power 

in the core was only 17 KW/liter, this was considered acceptable since 

operability at 30 KW/liter had been demonstrated in HRE-1, 

The reactor was designed to operate at 2,000 psia. Equipment 

and systems were designed to take advantage of experience with HRE-1 and 

to test ideas that were being proposed for power reactors. Maintenance 

and containment were primary considerations in the design. Primary equip­

ment and auxiliaries were housed in a steel tank which is welded closed 

and maintained at § atra abs when the reactor is operating. Provision was 

made for submerging the equipment in water to provide shielding so that 
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most operations could be done with simple long-handled tools. Special 

shields and tools were provided so that some operations could be done dry. 

First nuclear operation was in December 1957. Between then 

and August 1, 1959, fluids were circulated for a total of 5,750 hours, 

3,U20 hours critical, in generating 5>720 MWH of teat, and operation is 

continuing, A maximum power of 6,3 MW was reached during the first week 

of high-power operation. A hole was melted in the core tank after 

30 minutes at 6,3 MW, Subsequent operation has been with fuel in core and 

blanket at power levels as high as 5*3 MW but mostly at 3.5 MW and below 

in investigation of fuel instability. 

Experience with HRE-2 has shown that mechanical components can 

be developed which will permit long uninterrupted c^eration of a complete 

reactor ̂ stem. Since the core-tank incident the reactor has been oper­

ated in four tests of 800 to 1,100 hours duration. Maintenance was 

requiared between tests, but in no instance was a test terminated by an 

equipment failure. 

The ability to construct completely leaktight systems by care 

in fabrication and inspection and to keep the systems tight and the highly 

radioactive fluids contained have been demoiastrated in l|- years of 

operation. 

Major difficulties experienced with HRE-2 have resulted from 

an tmsatisfactory hydro<fynamic design of the core coupled with the high-

temperature instability of the fuel. In addition to the hole in the core 

tank, damage to corrosion assemblies, thermocouples, and diffuser screens 

in the core has provided evidence of severe overheating of some metal 

surfaces. This experience has led to renewed emphasis on core design 

and hydrodynamics studies in the development programs. 
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The hydroclone plant has operated satisfactorily but has 

removed only 10 to 20 per cent of the fission - and corrosion - product 

solids lAiich have been produced* 

Detezmiimtion of fuel Inventory and analysis of abnormal 

behavior have been difficult* Additional and ±nsprored instroments for 

measuring flows and fuel concenbrations are required to obtain completely 

satisfactory process control* 

Experience with HEB-1 and HRE-2 has established that remote 

maintenance of the radioactive equipment is an extremely Inqportant 

consideration in the design of homogeneous reactors* Methods presently 

in use on HHE-2 are generally satisfactory for small experimental 

reactors* Advances in present techniques, such as inspection and repair 

of large con^onents and possibly the development of remote cutting and 

welding methods, will be required to provide satisfactory methods for 

large power reactors* 

«• Economics* No economic data is given in this report on the 

aqueous homogeneous reading concept* 

/ 
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G. Natu3ral Uranium Reactors 

The reactor types that are classified in this grouping are: 

1. Natural Uranium - Heavy Water Moderated Reactors 

2* Natural Uranium - Gas Cooled Reactors 

3* Plutonium Recycle Reactors 

The primaiy objective of the natural uranium aad recycle dass 

of reactors Is to develop a power plant capable of sustained operation, 

independent of a continuing supply of enriched uranium fuel* A secondary 

objective is to reduce the cost of power to levels that are economically 

attractive without sacrificing the natxiral uranium feed objective, 

A coraposite curve showing the power generation cost of natural 

uranium and recycle reactors vs* coal fired plants is presented in 

Fig* 27. The technical status of each reactor concept in tMs class 

of reactors is summarized in the following pages of this section* 
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IV 

C. Natural Uranium 

and 

Pu Recycle Reactors 



POWER GENERATION COSTS 
NATURAL URANIUM FUELED 

AND RECYCLE REAGORS 
vs 

COAL-FIRED PLANTC 
SINGLE UNIT STATIONS - 1959 COSTS 

RATING AT 11/s" HG. 

NOTES: 

NUCLEAR . 
BASED ON 1959 STATUS REPORT 

LOAD FACTOR 80% 
FIXED CHARGES 14% 
URANIUM USE CHARGE 4% 
PLUTONIUM CREDIT $ 1 2 / G M . 

COAL • FIRED -
BASED ON SI - 1564 

LOAD FAaOR 
FIXED CHARGES 
FUEL COST 

SUPP.2 
70% 
14% 

35?!/10*BTU 

150 200 

EMW-NET 



1. D20 MODERATED POWER REACTORS 

a* Description* Heavy water moderated power reactors include 

a variety of concepts eiqploying natural or partially enriched fuel, 

pressurized or boiling D2O, and a pressure tube or pressure vessel 

type of construction. Alternative coolants include gas or D20* 

Tfas variation of the concept which has the.most advanced currmit 

i^chnology is the D^O moderated and cooled, pressurized reactor of the 

pressure vessel type^ This reactor utilizes solid, heterogeneous 

natural uranium metal fuel elnnents clad with Zircalloy-2 in a Tmiform 

sit^le-region core* D2O is circulated through the reactor to mnove the 

heat from the fael, the heat is transmitted through a heat exchanger to 

form steam to drive a steam tuzbine* This concept is based upon the 

technology of pressurized H^O moderated and cooled reactors and the DpO 

moderated production reactors at S|Lvannah River* A simplified flow diagram 

of idie heavy water moderated reactor plant is shown in Figure 28* 

b* Technical Status. No large central station pow^r plants 

of this reactor -type have been constructod* The minimum size limita­

tion t>n natural uranium fueled power reactors is set by neutron econoay 

considerations* This leads to the consideration of sll^tly enriched 

fueled prototypes of concepts potentially csqpable of operation on 

natural m'aniam fuel in a lai^er plant size* At present it is not 

possible to determine vhAt version of the heavy water reactor, pressurized 

or boiling, pressure tube or pressure vessti. is technically and econom­

ically most attractive* Technical status consists primarily of development 

work conpleted and under way in support of various experimental 

and demonstration power reactor construction pro;jects and a^licable 

production reactor technology* The following technical 
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facts may be drawn from this work: 

(l) Riysics. Nuclear properties of a wide verlety of cold-

clean natural uranium lattices in a 1)20 moderator have been measured. 

The type of core lattices for which bucklings had been measured include 

DgO-cooled assemblies of uranium metal plates, uiranlum metal rods, 

uranium metal tubes, and uranlimi oxide rods, as veil as gas-cooled as­

semblies of uranium metal plates. However, most of these experiments 

were made with moderator temperatures below 95*̂ 0. Other important 

physics parameters of typical power reactor lattices of natural \iraaium 

in heavy water have been measured. These measurements included such 

items as the worth of control rods, the effect of HgO contamination of 

the DjgO moderator, the fast fission factor, the neutron age, flux dis­

tribution, etc. In addition, correlaticois were derived from the ex­

perimental data for calculating resonance integrals and iresoijiaiice 

escape probabilities for fuel elements of tiranium oxide as well as 

of uranium metal. All of the measurements were made In either the 

Process Development Pile (PDP) or the subcrltlcal experimental fa­

cility (SE) at the Savannah Biver Laboratory. 

Most of the measurements discussed In the preceding paragraph 

were made at temperatures below 95°C. In oi^r to extend the range 

of the eacperimental physics work to moderator temperatures as high 

as 215°C, the pressurized exponential facility (PSE) was built. The 

unit was put into operation during the first half of 1959• 

Additional physics infoimation is required to advance the 

technology of D^O moderated reactors sufficiently to permit construc­

tion of the more pranising concepts. This work would include: 
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(a) A thorough survey of the propertlss of oadLde-

fueled lattices. 

(b) MscuBurement of the nuclear properties of lat­

tices moderated with hot £^0. 

(c) liaasurement of the nuclear properties of the more 

pronising conceptual designs by fairly accurate mockups of the reacto:|r 

lattices. 

(d) Careful analysis of the transient response of 

each reactor concept to sudden chants in toitperature, load, or re-

ewitivlty. 

(2) Fuel and Materials. A major area in which reseaixh 

mast be dcme before any heavy water reeustor concept can be successfully 

constructed is in fuel element fabrication and the determination of Ir­

radiation behavior. 

All^ough extensive testing of prototype fuel elements has 

been under wĉ r and much testing of Zircalloy has been done, the fol­

lowing list strnmarlzes the major areas in which considerable research 

and development effort may be fruitful: 

(a) Irradiation testing of prototype metallic fuel 

elonents is necessary in order to pirave their adequacy to withstand 

long periods of ei^osure to neutrons under conditions cooparable to 

those e^^ected in the powe:î  reactor designs. 

(b) Th6 irradiation testing of pressure tubes and 

their Joints wll^ othei* materials is highly essentiSLL for reliable 

design of all presstit« tube reactosrs. The mechanical and hydraulic 

testing of these items, out-of-pile, would also be of much worth. In 

addition, developoent of a low-cost high-quality fabrication process 
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for the pressure tubes and their Joints would assist significantly in 

reducing the cost of several premising reactors. Thezmal stress con-

dltl(»is axe a particularly important consideration in a presstire tube 

design. 

(c) Corrosion testing of fuel elements, pressure 

tiibes, housing tubes, and other is^ortant ccetponents of the reactor 

shoold be dxme in order to assure the safe operaticai of a given design. 

An extensive program has been in progress to fabri­

cate low-cost fuel elements and CQaponents sviitable for use in DgO-

cooled power reactors. Primary interest has been on uranium metal 

fuel elements, but oxide elements are also being developed as an al­

ternative to the metal fuel. The metal was selected in preference to 

the oxide as the fuel for initial development, in spite of better 

irradiate stability and corrosion resistance of the oxide, because of 

the generally higher reactivity, lower cost and better known fabrica-

tl(m process of the metallic fuels. 

The potentially low cost coextruslon process was 

applied by ̂ clear Metals, Inc. to the manufacture of Zircalloy-2 

clad tubes of U-2 w/o Zr. A "production" run of about a dozen tubes 

was successfully carried out. Numerous corrosion tests in hot water 

have been made of this fuel, with and without intentional defects. 

The fuel is deemed to be suitable frcm a corrosion viewpoint for a 

DgO-CQoled power reactor. 

Extruded zirconium and Zlircalloy coc^onents are 

being fabricated by Qarvey Aluminum Company. Very promising results 

were obtained in the manufacture of thin-walled, ribbed housing tubes 

of Zlrcalloy-2. 
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Qoe of the most ioportsnt phases of the research ano 

develoipBent program on fuels for SgO-aodemted power reactors inrolvee 

the irradiation testing of prototype reactor fuel elements. She ability 

of uranium metal to adequately withstand long exposures to neutztni ir-

xadlatloa was tentatively verified at low teaperature. In order to 

irradiate significant nuBibers of full-size fuel elements at high tem­

perature, the design and construction of the Bsavy Water CoBgoaents 

Sest Bsactor (BUTCTB) is underway. 

(3) Heat Transfer and Fluid Flow. The major escperimental 

wozic in this field to date has been with subcooled liquid coolant. Xa 

order to determine the se^e limits of operation, of various reactor 

fiael elements t̂ bat are cooled by a boiling fltiid, it will be necessary 

to xmdertake an esg^rimenteO. program on boiling heat transfer burnout. 

An e33)erlmental study of heat transfer biunout of water-

cooled tubular asseiablies of the type designed for the du Pont con­

cepts of liquid DgO-cooled power reactors was coiqpleted at the Beat 

Transfer Besearch Facility of Columbia Ibiiversity. Oie range of 

variables of this study was limited to the particular range that is 

q^Ucable to the du Pont power reactors. A study was also conducted 

of the vibration phenomenon that was encountered in sosie of the btim-

oat experiments. The results of the experimental Study were used to 

CGopute Uie safety f£u:tor on heat transfer burnout for the liquid-

water-cooled assemblies of the power reactor designs and of the BWCTB. 

Fall-scale flow tests of t^e Uquid-cooled fuel elements 

of the dn Font power reactors have been run at the Savannah Siver 

laboratory. The corrosion, erosion and vibration characteristics, as 
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well as the customaiy pressure-drop-versus-flow behavior, of these 

fuel elements "were and are stiU being deteimined* 

(U) Coolant Chemistry* The chemistry of heavy water is in 

an advanced state of development due to the extensive work done in this 

area at Savannah River* Studies of resin lifetime at High Tei^erature and 

iJKpuri-ty-TBiffloval effectiveness are needed* 

(5) Component and Aigiliary Systems* The most important 

work in this area will involve the construction of prototype refueling 

machines* 

Development of high-integrity mechanical coicponents siash 

as-pressure tubes, and heat exchangers is required* Special precautions 

must be taken to make the entire system lealsprotof, including the turbine 

in a boiling water system, and to prevent the loss of heavy water dtiring 

refueling operations, 

(6) Safety* Considerable theoretical stucfy of the trans-

lent behavior and the responses of the reactor to unusual incidents 

(i*e., changes in reactivity, temperature, etc*) were studied, particularly 

for the hot moderator pressure vessel reactor and the HWGTR. It was 

showa that the hot moderator reactor and the MCTR are to a great extent 

self-regulating and that such unus\ial incidents would cause no difficulty 

in control* A thorou^ analysis of the safely of the experimental reactor, 

the HVfCTE, was completed* 

Experiments which were carried out to confirm the safety 

aspects of the Canadian power reactor schemes included a series of 

tests in which pressure tubes were ruptured to determine the effect 

on Uie enclosing calandria tubes and adjacent tubes* 
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Beactlen of heavy water with fael aad/or structural materia 

is a potentisQ. and significant hazard* 

c* Operating Experlemce* To date, construction has begun on only 

one of the D20-moderated power reactors, the AECL Haclear Power Oemoastra-

tion, MPD-2. No esqperience has been gained as yet in the operation of any 

D20-moderated power reactor* However, there is considerable experience 

available on the operation of D20-moderated production and experimental 

reactors, such as the Canadian WJJ and NSX reactors and the U* S* Savannah 

River production reactors* A short history of the experience with heavy^ 

water-moderated reactors follows. 

The production reactors have given operating experience that 

should be helpful to the designers of a D20-moderated power reactor« 

For exai^le, these reactors circulate large quantities of D2O at 

moderate tei!Q}erature8 and pressures through heat exchangers, valves, 

pumps, etc., a^d -Qie annual loss of D2O has been o^y about 3% per 

year, based on the total D2O in the system* 

^ e D2O isotopic pTU*i%- of the moderator at Savaimah Elver has 

been maintained at above 99»7% via a distillation procedure* The in-

leakage rate of H2O has been in the range of 6 Ibs/d^ requiidj^ 

6000 Jbs/hr of low pressure steam for its removal* Because tlie pres­

sure in a D20-moderated power reactor will be higher than in a pro­

duction reactor, the H2O inleakage would be expected to be smaller* 

On the other hand, the higher D2O pressure will probably affect D2O 

losses adversely* O-ttier moderator pi^lfflM, including radiolytic 

decotnposition and entry of ionic contaminants, have been easily kept 

under control* Tzdtium in the moderator presents a minor health 

hazard ̂ en this material is spilled, but the usual protective devices^ 
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such as gloves and aprons, are generally suff ic ient to allow safe woik-

ing in ihe area* 

In addition t o th i s experience with heavy water moderator, some 

experience has been obtained with each of the cooling mechanisms t ha t 

are being suggested for the D20-moderated power r eac to r s . Several 

l iquid-water-coolid and boiling-water-cooled reactors have been b u i l t 

and operated successfully in the United States and Canada, Among the 

water-cooled reactors are the Hanford, Savaimah River, PWR, MTR, NRU 

and HEXj among the boiling-water reactors are the EBWR and VBHR, Ex­

perience in the United Sta tes with gas cooling has been gained with 

the X-IO and Brookhaven p i l e s . Experience with sodium cooling has been 

gained in the opei^tion of the graphite-moderated SEE. The greates t 

amount of experience, however, has been with l iquid-water c o o l l y * 

Thus, much of the experience with heavy-water-raoderated p r o ­

duction reactors i s s?)plicable to power reactors moderated with the 

same f lu id . However, there are s t i l l suff ic ient differences between 

the production and power r eac to r s , especial ly in the fuel elements and 

mater ials of construction, t o require a s igni f icant amount of researda 

and development e f fo r t . 

The chief problem i s r e l a t e d to the h i ^ e r temperatures r e ­

quired for economic power r eac to r s . The Savaimah River reactors have 

the moderator tsek a t atmospheric pressure and therefore can heat 

the water tha t discharges in to th i s spkce to onlj about 210°F, Power 

reactors require a ten?)erature of a t l e a s t liOO°F and preferably, con­

siderably h igher . I f ihe reactors are cooled with D2O, t h i s high 
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temperature riquiremeat forces the designers to enrplogr pressurss of 

500>l500 Ibs/sq in - a not too difficult item in itself| but vhen 

coupled with the fact Ihat zirconium is almost the only material of 

construction that can be used for the pressure tubes entering the 

reactors, the problems are increased sereral fold* 

Another major difference is in the cladding of the fuel* All 

production reactors in the Westezn group of nations currently use 

either aluminum or magnesium for this service* Neither of these 

materials is very corrosion resistant in 200^0 water* Zirconium is 

being used as ifae cladding in most of the power reactors that a^re 

cooled with either D2O or H20. Again new technology must be and ia 

being developed* 

d* Plants IMder Gonstractioa* At present there is no D2O 

moderated, natural uranium fueled power reactor under construction in 

this countiy* 

Canada is now building a 20 Miffi) power reactor that will be 

moderated with heavy water and is planning to build a 200-eMif reactor* 

Several pilot and test reactoigi of a similar type are under construction; 

both in this countzy and abroad* Two of these plants are not for -&e 

purpose of producing electric power, but tbe experience gained by 

their construction and operation will be applicable to the advance­

ment of the technology* A brief description of these plants is given 

below: 

(1) Heaw Water Goraponents Test Beacter (HTOTR)« The 

HWCTR is a pressurized D2O moderated and cooled reactor facility at 

60 JMT witti no electrical output* The reactor will utilize U-Zr fuel. 
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The reactor is rated at 1^00 psig and 290°C maximum. The plant is 

being designed by E. I, du Pont for the AEG, Gonstruction has been started. 

(2) Plutonium Recycle Test Reactor (PRTR)« The PRTR is a 

D2O moderated and cooled pressure tube type reactor facility rated at 

70 MWT with no electrical output. Plant construction started in March, 

1959. 

(3) Carolinas-Virginia Muclear Power Associates (CVIffA). 

The CVNPA reactor is a DgO moderated and cooled pressure tube type re­

actor rated at 60.5 MBTT (17 MWE). The fuel for this reactor will be 

slightly enriched UO2. The steam conditions are 605 psia and U80°F, 

The plant is being designed and constructed by ¥estinghouse Electric 

Corporation and Stone and Webster* Construction is scheduled to start 

in March, I96O. A scdiedule for the plants and facilities under con­

struction is shown in Figure 29* 

ik) Nuclear Power Demonstration Reactor (MPD-2) The HPD-2 

is a D2O moderated and cooled horizontal pressure tube prototgrpe power 

reactor rated at 20 MWe gross, being built in Canada, It will use natural 

UO2 fuel pellets clad with Zr-2. The reactor is controlled, to meet 

the requiren^nts of the tarbine, by adjusting the level of the moderator. 

The D2O coolant will leave the reactor at 530°F and pressure of 1050 psi, 

just sufficient to keep it from boiling. Construction is underway and 

scheduled for con5)letion in June, I96I. 

e. Economics. A reference design has been made for the D2O-

moderated reactors based on the technical status stctmiarized in this 

report. The design was used as the basis for estimating the costs at 

different plant ratings. The base parameters for the reference design 

are as follows: 
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SUMMAEI OF PLANT CHAEACTEBISTICS 
HEA77 .WATER BBAGTOR PLANT 

Heat Balance 
1* Total Reactor Power, MW(t) 
2* Gross Turbine Power, MW(e) 
3* Net Plant Power, MW(e) 
h» Net Plant Efficiency, % 

Turbine Oyde Conditions 
1* Throttle Teitperature, F* 
2* Throttle Pressure, pslg 
3* Steam Flow, lbs*/hr. 
U* Condenser Back-Pressure, in Hg A« 
5* Final Feed Water Temperature, F. 

Reactor Description 
1* Reactor Vessel 

a* Inside Diaoeter, ft* 
b. Overall Hei^t, ft. 
c* Wall Thickness, in* 
d* Material 
e* Design Pressure, psia 

2* Reactor Gore 
a* Active Diaaeter, f t* 
b* Active H e i ^ t , f t* ^ 
c* Active Core Voltone, ft*^ 
d* Lattice Arrangemeab 
e* Lattice Spacing, in* 

860 
2lh 
200 
23.2 

366 
150 
3.03 
1.5 
251 

X 10"= 

Ui.7 
3lwO 
1*.5 
SS d a d CS 
850 

12 
IS 
1700 
Triangular 
6.5 

3* Reflector or Blanket 
a* Material 
b« Axial Thickness, ft* 
c* Radial.Thickness, f t* 

U* Fuel Elements 
a. Fuel Material 
b* Clad Material 
c* Fuel Enriehmesb 
d. Fuel Elemeoit Ge^netiy 
e* Cladding Thickness 

5* Material Inventories 
a* Fuel,. raetrie tests 
b* Uranium, metric tons 
c . U-235, i n i t i a l - ^ * 
d* Moderator, l b s . ( i n d * coolant) 

1 
1 

nat-lT lastal 
Zr-2 
nat . 
(qrlinders 
0*030 

27.2 
27*2 
188 K 
$•$ X 10^ 
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6, Reactor Control 
a. Method of control ixids 
b. No, of Control Elements 26 

D, Plant Performance Data 
1, Primary Coolant Outlet Temp,, F hSO 
2, Primary Coolant Inlet Tenip., F, lUk 
3* Reactor Ten?). Drop., F. - 66 
k» Primary System Operating Pressure, psia. 750 ^ 
5* Primary Coolant Flow Hate, Ibs/hr. 39*6 x 10 
6* Avg. Core Heat Flux, Btu/hr, - ft^ 335,000 
7. Max. Core Heat Flux, Btu/hr. - ft 777,000 
8. Max. Cladding Surface Temp,, P, 575 
9 . Max. Fuel Tenp., F . 380 

10. Core Coolant "Velocity, f t / s e c . l 5 
1 1 . Peak to Avg. Power Ratio 2.32 
12. Core Power Density kw/ft-^ 5o6 
1 3 . Core Specific Power kwt/metric ton-U 31,600 
Ih, Fuel Bum-up MWD/metaric ton-U 3960 

The power cost for a 300 MWE plant extrapolated from the above 

design i s as follows: 

Total Capital Cost - |108,000,000 7.05 l^Kwh 
Fuel C^cle Cost 14*22 lyKwh 
Operation and Maintenance cost .91 M/Ksrti 
Nuclear Insurance cost .32 M/Kwh 

Total power cost 12,50 M/Kwh 

The re la t ionship of power cost v s . s ize i s shown i n F ig . 30. 

The above costs are representa t ive of p lants that could be 

constructed with current s t a tu s ; however, they could only be achieved 

a f te r the period of time required for the construction of a la rge plant* 

The lew coolant pressure and the resxilting low steam conditions, the 

pressure v e s s d type reactor construction, and the metal l ic fuel used 

i n the reference design were selected to remain as consistent as p rac t i ca l 

with the def in i t ion of current s ta tus i . e . , based on demonstrated techno}.Qgy« 

The plant l ^ o u t s and other design data for determining 

the economics a re included i a import S & L l67h and Appendix I I of th i s 

report* 
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HEAVY WATER MODERATED 
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POWER GENERATION COSTS 
HEAVY WATER MODERATED 

NATURAL URANIUM REACTORS 
vs 

COAL-FIRED PLANTS 
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OPERATING COSTS 

NOTES : 

NUCLEAR • 
BASED ON 1959 STATUS REPORT 

LOAD FACTOR 80% 
FIXED CHARGES 1 4 % 
URANIUM USE CHARGE 4 % 
PLUTONIUM CREDIT $12/CM. 
FUEL FABRICATION COST 

U-ZR - ZR-2 $50/KG. 
FUEL EXPOSURE 3850 MWT/MT 

AVG. 

COAL - FIRED -
BASED ON SL • 1564 SUPP. 2 

LOAD FACTOR 70% 
FIXED CHARGES 14% 
FUEL COST 35^/10'BTU 

3 . 
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2» QAS'COOUBD HBACTORS - HAaTOlRAL QRAKIBM 

a. Deserlptloa. Geui-cooled reactors eotploylng natural tiranlxm 

fuel may be graphite moderated or SgO moderated, fhe technology of the 

graphite moderated version has been hlgjaly developed In the tbilted Kingdom 

and In France. She British reaetoirs estploy natural V metal fuel elements 

clad vlth Magnox alloy^ and CO^ as coolant. The core Is enclosed by a 

a pressure vessel, from idilch hot CO^ Is circulated to a second pressure 

vessel vlthln idilch feed vater heating, steam generation, and superheat­

ing are accomplished, fhe cooled C@^ then aretums to the reactor. A 

simplified flov diagram of the ̂ us-cooled reactor plant Is shoim In 

Figure 20. 

b. technical Status 

(l) Cfcraphlte Moderated, ^ e most advanced technology for 

graphite moderated setuiral uranium fueled QCB's has been developed in 

the H^ted Ktngdom for the Calder Hall - CBSB series. Ttiere are no 

plants of this type tmder construction or planned in the IMlted States, 

although designs are available, ^ e technical status of this concept 

may be stzmmarized as follows: 

(a) fhysies. Analytical and experimental physics, 

ixicludizig critical e^eriments, vere carried out in the U.K. development 

program sufficiently to establish the feasibility of operation. It is 

nov possible to take adefoate account of refinemeirts required for core 

optimization. Bie reactivlly lifetime is presently calculated to be 

5500 MRB/KF. All economics to date have been premised on 3000 HRB/MT 

Trtilch has been demonstrated on a fetr irods and which is conservative 
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from the reactor physics point of viev. fhe U.K. expects to achieve 

3000 MHD/ME in the second cores of Berkeley and Bradwell, and in first 

core at Hinkley Point. Detailed lattice calculation procedures are veil 

in hand to account for effects of bumup, changing neutron spectrum, 

growth of Pu and fission products up to 3OOO MWD/HT and fine structure 

constants within fuel elements, fhere are very extensive experiments 

in the U.S., U.K., and France to noimalize the calculationsQ. procedures. 

Moderator coefficients of such systems become positive after an exposure 

which is dependent on the moderator teniperature. This positive coeffi­

cient represents an opeirating piwblem but not a hazard since it is a 

slow coefficient. 

(b) Fuels and Materials. IMalloyed U metal is capable 

of exposiires up to 3OOO MHD/J£C at temperatures below the alpha-beta 

transition in the U.K. reactors. Bowing of fuel elements originally 

encountered in early Calder Ba.ll operation, was eliminated by structural 

restiaint. Problems of uranium swelling under thermal cycling and fission 

gas retention have not been coiirpletely eliminated, although fuel element 

failures in operation have been very low. Magnox as a cladding is well 

understood both with respect to production technology and performance. 

It is eom|«tible with CO2 up to 6k3^C. The newest magnox has the 

necessary ductility to accommodate the neces8|ary U expansion which seems 

to res"ult from thermal cycling. It should be noted that even the cast U 

which the U.K. produces does suffer growth under thermal cycling due to 

strains. 
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IhlB-imlled BtalalesB steel which might be considered 

for such reactors Is available on a custom basis In various countzles, 

notably U.S., U.K., and France, la wall thickness dovn to 2.5 mils. It 

is not a commercial product, and its technology and practice are not 

well eaaagti established at this time to make it a useable cladding, 

fhe French gas cooled reactors use magnesium. 9ie temperature limita­

tion on the system arises from the need to hold down the central U 

teaipexature, the grain growth and cavitation problems. 

Graphite is well understood for service in such reactors. 

(c) Heat graasfer and Fluid Flow. In order to maintain 

a gas temperature 6is high as possible, consistent with a specified limit 

on center line temperature, the temperattire drop between the fuel and 

the gas most be minimized. Extended fuel surface areas (fins) are 

tised on the fuel cladding for gets reactors. Temperature rises of 

350-^00^ are employed in the British reactors, based on mixed mean 

inlet and outlet coolant temperatures. Current experimental work is 

coacemed only with refinement of detedJLs. Pressure drops have been 

optimized with respect to heat transfer by full-scale and double-scale 

channel tests. Such tests permit making detailed measurements to 

develop correlaticais between types of extended surface pressiire drop 

and Beynolds number. Qrificing, flow shaping via fuel element hangers 

and spacers, and varying the channel size as a function of radial 

position are all well Tuaderstood experimentally. 

(d) Coolant Chemistry. Either CC^ or He can be tised 

as the coolant in such a system. The major limitation of CO^, i.e. 
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compatibility with graphite, is not a problem below 950°F. Sixice the 

system temperature is set considerabley below this figure by the U aetal 

alpha-beta transition temperature inside the fuel, the low cost, wide 

availability of 00^ makes its use preferable to He for this application. 

Ihe purity specifications on the CO are fairly stringent 

but can be met in practice as has been amply demonstrated. Additions of 

the order of one per cent CO to the COp will minimize the burnout or 

oxidation of the graphite in the hot regions of the reactor. It would 

also minimize the effect of water impurities in CC^ on the oxidation 

problem of both the graphite and the cladding materials. It has been 

found that this small addition of CO does not increase the deposition 

rate of carbon in the cold spots of the system. 

(e) Components and Auxilia.ry Systems. There is such 

a large body of practical experience in these areas that all the 

necessary design and operational problems appear to have been solved. 

There are still many design choices and matters of taste •sdiich for a 

given reactor will influence the final cost, but the reactors can be 

made to operate satisfactorily on the basis of available technolo®r. An 

exception may be that charging and searvicing \uider load have not been 

completely demonstrated. There are now four such machines xander con­

struction, each differing from the others in detail. Each appears to 

represent a satisfactory solution to the problems. The first machine 

will be completely tested in late 1959. 

An apparent limitation on the maximum size of these 

reactors due to the reactor vessel should be noted. Pressure vessel 
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materials currently la use la the U.K. ax9 low alloy steel, mild steel, 

and boiler plate from 2 to 3-1/2 Inches thick on diaiaeters up to 70 feet. 

An upper limit on vessel thiekaeBS la the U.K. is imposed by the requlre-

mesata of field weldlag, laspectloa, and stress relief. HBCIwun thlckaess 

of ecoaomlcally-slzed sectloas which can be formed oa existlag industrial 

equipment is also a limiting factor. This limit, originally 2 inches, 

is now set at 3-^2 laches. In France, gas cooled reactor containment 

vessels hove been fabricated of pre-stiressed eoacrete with a steel liner 

as well as steel pressure vessels. Slaee natural uranium fueled reactors 

appear to have reached the upper limit of power density for a given 

coolant pressure, the vessel fabrication limits also limit the generating 

capacity of a single reactor plant. 

(f) Beaetor Safety, natural uraniimi fueled graphite 

moderated gas cooled reactors are characterized by low power densities 

and specific powers. She provision of adegjoaite shutdown cooling and 

emergency coolant power supply in the event of normal power s\xpply 

failure is adequS'te assurance against core meltdown. Stored (Wigner) 

graphite energy release is not a factor in these reactors due to the 

closed coolant system, the higher reactor operating tezqperature, and 

the extensive instrumentation employed. The Wlndscale incident there­

fore is not applicable to gas cooled power reactors. It has not been 

coiusidered necessary to contain these systems in the IMited Kingdom. 

(2) BgO Moderated. The technical stattis of this concept 

is not sufficiently advanced that a plant could be constructed without 

pre-operatlng research and development. A sufficient amount of work 

has be«i done to Jtistify the construction of a slightly enriched 
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experimental prototype plant of 50 BMW as a basis for a 325 EM» full 

scale natural U fuel plant. TechniceQ. status for this concept consists 

primarily of airplicable graphite-moderated GCR technology, and develop­

ment work completed or under way in support of the ECKS-FWCHG 50 EHW 

prototype by General Suclear Engineering Corporation. 

(a) Physics. The estimated performance of the Be-clad 

Zr pressure tube D^O moderated system proposed by GHEC cannot be con­

firmed without additional development work. 

Temperature coefficients of the heavy-water system are 

all negative. 

Heavy water is a sufficiently better moderator than 

graphite from the neutron economy point of view that a possibility 

exists of designing a UOg fueled reactor for operation on natural 

xiranium. The balance in favor of one or the other is presently dic­

tated by the fiscal policy of charges levied by the AEC for D^O on 

the one hand and enriched U on the other. 

(b) Fuels and Materials. The behavior of Zr pressure 

tubes for period approaching 20 yeaars in an irradiation field is un­

known. Experiments now under way will give the required information. 

Present practice in the selection of a zirconium tube thickness is 

to make conservative allowance for the uncertainty in -Uae long-term 

corrosion and irradiation effects on zirconium. 

Beryllium metal appears to be an important material on 

which work in the last l8 months has provided new ideas and data. It 

is potentially a promising alternative but has not been completely 
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(f) Safely* Althouc^ higher specific powers caa be obtained 

la %118|M qrstems, the veiy strong negative coefflcleats provide an additional 

safety factor* There is less experisaoe with these systems oa irtiich to 

eval\iate safety aspects than ia the graphite moderated concept^ however 

they a^ear to be safe for the same reasons meatioaed above* 

c* Operating Experience* Operating expexd-eaee has beea obtained 

oa graphite moderated natural tiranium fuel gas cooled power reactors 

since I ^ , 1956 ia the United Kiagdom* It should be noted that ih±» 

experieace is oa the early designs (Calder Hall type) ythltb were limited 

to lower i^ecific power, fuel element surface and coolaat tenperature, 

and thermal efficiency than the current technology (CEGB) designs* 

A significant amoimt of iaformatioa oa fuel element perfarmaace 

is available* Fuel element performaoce is limited by thermal stress, 

creep, and corrosioa of the cladding to a greater exteat ia gas~cooled 

reactors than ia lower temperature reactors using liquid coolaats* 

The fuel elements are also exposed to more severe flux gradients* 

This, coupled with the lower heat transfer characteristics of the gas 

coolant, leads to asymmetrical temperature distributions ia the fuel 

element and consequeat distortion* Also, "hot spot" temperatures may 

be several hundred degrees higher than the bulk coolant tonperatures* 

Proper design of the individual fuel elemeats and assei^lies is the 

major factor ia maximizing permissible exposure* 

Operating experience oa Calder HaLl "A" Reactors 1 and 2^ 

Calder Hall "B" Beactors 1 aad 2, Ch£^el Cross "A" Beaetor 1, aad 

Marooule Beactors G2 aad G3, has showa a high degree of reliability* 

The only kaowa ihel elemeat raptuzvs have beea easily managed ia every 

case without excessive ei^osure or shutdown time* Fuel element failures 
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to date have not been due to causes usually attiributed to the limitations 

of natuial uranium fuel. The bowing problem noted under Fuels and 

Materials was caused by increased creep under irradiation* This has 

been remedied by long braces on the fuel element which minimize its 

unsupported length* 

In the 80,000 fuel elements manufactured for the Calder 

Hall reactor as of July, 1958, ̂ proximately 1̂ 0,000 had been operated 

with only 15-20 failures indicated during operation* Post operative 

examination of UO additional elements indicated a failure rate of 1 to 

h in 5>000* Complete metallurgical examination of 12 elements showing 

abnormal radiation indicated "cold end" failures due to leak paths in 

the Magnox clfid induced by creep strains resulting from uranium growth 

due to preferred orientation. Only 1; or 5 failures (1 in 10,000) were 

caused by manufacturing defects, -vrtiich were primarily porosity or 

incipient weld cracks. There were no failures due to manufacturing 

defects in the first reactor loading at Calder Hall* 

d« Plants Under Const37uction* 

Hone in the United States* H^e following plants are under 

construction in the U.K.: 

Station 

Berkeley 

Bradwell 

Hunterston 

Hinkley Point 

Trawsfjmrydd 

No. of 
Reactors 

2 

2 

2 

2 

2 

No. of 
Turbogenerators 

k 

6 

6 

6 

k 

Net MWE 

280 

300 

300 

500 

500 
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Beitoley aad Bradwell^ scheduled for oonpletLoa la 1961^ BTB ia -the 

noBt adraaoBd ooastraetloa stage* See FigtirB 29 for EONG-PWGNQ plavk* 

e* EooBomios* A reference design has beea mtde for the 

grai^ite moderated-gas cooled reactor with aatoral UraBitBB foal, based 

oa the faited Kiagdom experlaaca* This desiga was uBsd as the basiB 

for estimating -tiie coat at differeai plaab ratiags* The base para­

meters for the reference desiga are as foUoirs: 

smsAsa OF FL&NT CHAB/LCTERISTICS 
QAS COOLED REACTQB PL&NT 

A* Heat Balance 
1* Total Beaetor Power, Ifir(t) 
2* Gross Tuzi^iae Power, Ifif(e) 
3. Net Plaat Fewer, mle) . 
U* Net Plaat Efficieac^, % 

B* Turbine Qjrcle CoaditioBB 
1* Throttle Temperature, F. 
2* Throttle Fressure, psig 
3* Steam Flow, Ibs/hr/ 
U* Coadeaaer Back-^t^ssure, in. Hg& 
5* Final Feed. Water TeIl̂ êratare,. F 

C* Reactor Descriptioa 
1* Reactor Vessel 

a* laside Diameter, ft* 
b* Overall Hel^b*, ft* 
c* ¥all Thlckaess 
d* Material 
e* Desiga Pressure, psia 

2* Reactor Cozv 
a* Active Dimeter, ft* 
b* Active Height, ft* 
c* Active Gexv Velume, ft* 
d* Lattice ArraageoeBt 
e* Lattice %)aciag, ia* 

3* Reflector or Blanket 
a* Material . 

Hii^PresBure 

6^ 
500 > 

1*77 X lo' 

830 
2^0 
200 
2it*l 

1*5 
2*60 

70 

3*0 
c*s* 
500 

50 
29 

57,000 
square 

8 

Graphite 

Low-pressure 

ll50 
100 ^ 

7.85 X 10^ 
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k» Fuel Elements 
a. Fuel Material 
b* Clad Material 
c* Fuel Enrichment 
d. Fuel Element Geometry 
e. Cladding Thickness 

5* Material Inventories 
a* Fuel, metric tons 
b* Uranium, metric tons 
c* U-235, in i t i a l -kg* 

6* Reactor Control 
a* Method of Control 
b* No. of Control Elements 

D* Plant Performance Data 
1* Primary Coolant Outlet Temp,, F 
2* Primary Coolant Inlet Temp*, F* 
3* Reactor Ten?)* Di^jp., F* 
U* PriSnary System OpMrating Pressure, ps ia 
5* Primaiy CoolaEfc Flow Rate, I b s /h r . 
6* Avg* Core Heat Flux, Btu/hr - ft^j, 
7* Max* Core Heat Flux, Btu/hr , - f t 
8* Max* Cladding Surface Tenperature, F 
9* Max* Fuel Temp,, F* 

10* Core Coolaat Velocity, ft/sec, 
11* Peak to Avg, Power Ratio 
12* Core Power Density kw/ft^ 
13* Core Specific Power kwt/metric ton- U 
lli* Fuel Bum-up MWD/metric toa - U 

U-metal 
Magnox 
nat* 
finned rods 
0.020 

27U 
27U 
1970 

rods 
100 

710 
323 
387 
200 . 

28.3 X 10^ 
56,000 
96,000 

730 
1200 

1.72 
1U*6 
3030 
3000 

The power cost for a 300 MWE plant is as follows? 

Capital cost - $im,000,000 7*60 M/Kwh 
Fuel cycle cost 3*35 M/Kwh 
Operation and Maintenance *6l l^Kwh 
Nuclear Insurance —.— • — — - — ,33 lyKwh 

Total Power Cost 11,89 M/Kwh 

The relationship of power cost vs.* size is shown on Fig* 31* 

The above costs aie representative of current technology in 

the Uaited Kingdom, converted to U* S* Economics* The fuel cycle costs 

are based on a package cost of 50 $/kg. of U as purchased from the 

United Kingdom. This price includes all fuel cycle cost with the 
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exception of shippiag cost. The costs are quoted at 300 MHE to show the 

relationship with U* S* reactors in that size range. The economics of 

gas cooled reactors are more favorable in larger sises. The technology 

is available for plants ia the size range of 500 MWE, The plaat layouts 

and other desiga data for determiaiag the ecoaomics is included ia 

report S & L 167U aad Appendix II of this report* 
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POWER GENERATION COSTS 
GAS COOLED REACTORS -

NATURAL URANIUM FUELED 
VS 

COAL-FIRED PLANTS 

SINGLE UNIT STATIONS • 1959 COSTS 
RATING AT I I / 2 " HG. 

POWER GENERATION COSTS CAPITAL COSTS 

^ 800 

100 200 

EMW-NH EMW - NET 

OPERATING COSTS 

NOTES: 

NUCLEAR . 
BASED ON 1959 STATUS REPORT 

LOAD FACTOR 
FIXED CHARGES 
URANIUM USE CHARGE 
PLUTONIUM CREDIT 
FUEL FABRICATION COST 

U • MAGNOX 
FUEL EXPOSURE 

COAL - FIRED • 
BASED ON SL • 1564 SUPP. 

LOAD FACTOR 
FIXED CHARGES 

80% 

14% 
4% 

$12/KG. 

$50/KG. 
3000 MWT/MT AVG. 

2 
70% 
14% 

FUEL COST 3 5 ^ / 1 0 * BTU 

5-

3-

2-
O P E R A T I O N & M A I N T E N A N C E 

EMW 
SEPT 1959 

FIG. 31 



IV 

D. Nuclear Technology 



B. PmrOHIUM HBCTCIE PBOGBAM 

1. Bsscription* Plutonitim fuel vorlc is applicable to most of the 

tliexmal reactor concepts discxissed in this report. Plutonium recycle 

vork encoî eu3ses the follotfioig areas: (a) vhere plutonium is used as 

an alternate to U-23^ as a means of fuel enrichment, especially in 

reactors or costplexes of reactors for idiich the avallahility of U-23^ 

is limited, and (b) vhere plutonium is used in conjunction vlth 

enriched or depleted uzvuxium as reactor fuel* fhe Plutonium Bscycle 

program -was started late in I956 with the objectire of developing the 

technology necessary for the safe and economical recycling of plutonium. 

The primaary eisphasis is on fuel cycles for thermal, heterogeneous 

z«actors, hut iflth appropriate cognizance taken of the interaction 

between various thermal converter and breeder cycles. Current vork is 

oriented toward acco^lishing the follovlng goals: 

a. sev and improved knowledge regarding the physics guantl-

tles necessary for the accurate prediction of performance and efficiency 

of plutonium bearing foels* 

b. Inexpensive, stable plutonium fuel elsaents. 

e. Inexpensive uranium fuel elements that are coo^atible with 

plutonium enrichment. 

d. Effective, inexpensive separations methods for recovery and 

recycle of plutonium. 

e. Detezminatlon of optimum plutonium recycle applicability and 

economic feasibility. 

Two major es^rimental facilities are usider construction to facil­

itate developoent and demonstration of recycle technology. The Plutonium 
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Fabrication Pilot Plant (PFPP) Is an ezperliaental fuel fabrication 

facility, specially designed for working vlth plutonlum. Cos^letlon 

1« expected In I96O. The Plutonltiiii Becycle Test Beactor (PRTR) Is 

designed for Izradlatlon of plutonlum-beaxlng fuel emd Investigation 

of opezatlng characteristics of recycle systems. The reactor Is a 

heavy trater moderated and cooled, pressure tube type rated at 

70,000 kilowatts thermal power, to be placed In operation In I96O. 

The reactor, vhlle operated at reasonably high tezsperatures. Includes 

no power recovery facilities* It Includes provisions for special 

pressurized loops for study of advance fuel concepts and Is designed 

for accommodating changes In reflector material, reactor coolant, and 

periodic replacement of the entire reactor core structure. 

A summary of the work coo^leted to date In the existing facil­

ities at Hanford Is given below. 

2. Fuel Cycle Analyses. Fuel cycle studies have been carried 

out to Investigate the economics of recycling plutonlum fuel In power 

reactors. The vork Involves correlation of reactor performance data 

vlth over-all fuel cycle costs to determine the value of plutonlum 

In a variety of slttiatlcaas. An extensive series of coiaputer programs, 

or codes, has been developed for the IBH-709 machine to enable rapid 

calculation tuslng detailed physics pairameters and economic factors. 

For recycle operation -with nattiral \iranlum feed (self-sustaining recycle 

In a single reactor) a relationship was developed between fuel exposure 

level and the multiplication constant k^^ required to st^ly leakage, 

aeenon and control losses. This Information provides a quantitative 

measure of the value of plutonlttm In extending fuel Hfetlme. 
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other analyses showed that plutonlum enrichment may be more valu­

able when applied to reactor systems without the constraint of self-

sustaining recycle. Th\is, Improved utilization of plutonlum may be 

obtained In a comblnatloa of two reactors, one producing plutonlum 

and feeding It to a separate reactor optimized for plutonltm enrichment. 

This stems from iHae fact that for cases with low neutron leakage 

(geometrically large reactors) plutonlum enrichment provides a higher 

fuel cycle bumup than does U-235* Cto the other h^id, for small 

reactors, e.g., koo" 1»3> XJ-235 uiay "be a more valuabZa fissionable 

saaterlal than plutonlum. 

A similar study of a reactor combination cossprlslng a thermal 

reactor and a fast breeder Indicated that It vould be beneficial If the 

Pu-239 formed In the fast breeder blanket were to be supplied to a hlgh-

converslon-ratlo thermal reactor. The mixture of plutonlum Isotopes 

resulting from Irradiation of Pu-239 ^^ th® thermal reactor vould be 

advantageous In fueling the core of the fast breeder. Shorter doubling 

times may res\ilt* 

For some types of thermal reactors, the use of plutonlum of 

selected Isotoplc ccsoposltlon has been shown to result In a very long 

lived fuel, due to the daial role of Pu-2liO as a fertile material and a 

burnable poison. 

3. Physics. In addition to the physics effort devoted to fuel 

cycle anaJ^ls and to PETR design, basic physics work Included the 

following items: 

Low energy fission cross section measurements on 1^-237 and Am-24l 

have been completed. High purity seuqples of Pu-2to, U-2314-, and U-236, 

- 139 -



and a asa^le of Pa-231 have been prepared for subthreshold fission 

cross section measurements. Fission cross sections have been 

measured in a sample of 96.6 per cent Pu-2Ĥ 1 in the range of 0.1 ev 

to about 20 ev. A spectraneter for stacking slow neutron differ­

ential scattering cross sections has been put into operation. 

The Physical Constants Test Beactor has been used to measxire 

lattice parameters of rod-dusters of UOo and of mixtures of 

plutonlum-alumlnum alloy (Pu-Al) and UOp rods. Calctilations of epi-

thermal multiplication of lattices containing only plutonlum bearing 

fuel have been made as a function of the isotoplc composition. 

Nuclear safety studies have been conducted for l^e manxxfacture, 

storage, and transport of plutonlum bearing fuel elements. Special 

plutonlum bearing fuel elements have been fabricated preparatory to 

obtaining further critical-mass data. 

k. Fuel Element Technology. Studies have been made on both 

ceramic and metallic core fuels. Ij;nproved and potentially low cost 

methods of core fabrication, core cladding, and fuel element assembly 

have been developed for a variety of fuel types. Efforts have ccaicen-

trated on fuel elements of the rod cluster type as -well as on three-

coiiiionent stested tubular designs. 

PlutonlTjm-alumlnum (Pu-Al) alloys for meteLllic core fuel elements 

have been prepared by adding metallic plutonlum to molten aluminum in 

pot furnaces. A cryolite process has been farther develcped in which 

Pu-Al alloy is made at lower cost by heating mixtures of PaOg, Al, and 

cryolite. 

Extrusion techniques have been developed to prtxtuĉ  fuel eleanent ̂'-&̂  

cores for use in rod cluster fuel element designs, and drawing and 
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swaging methods have been investigated for xmbonded, 21rcaloy-2 jacketing 

of these cores. Coextrusion methods have been developed for fabrication 

of aluminim alloy clad Pu-Al rods. Development is continuing on mei^ods 

better stilted for highly e^osed plutonlum, such as the direst casting 

of Pu-Al core matesrlals into aluminum, stainless steel, or Zircaloy 

sheathing, using air or mechanical pressure infections. Initial vork 

vlth aluminum as a stand-in for plutonlum has produced satisfactory 

castlngs as long as eight feet with densities up to 96 per cent of 

theoretical. 

Compositions of Al - I.65 w/o Pu, Al-12 v/o Si - 1.65 "w/o Pu, and 

Al - 8 v/o Pu clad in Zircaloy-2 lave been irracliatlon tested to high 

exposure, with satisfactory performance demonstrated. 

Basic studies on PuOg and PuOg-^Og systems have Included determin­

ation of sintering characteristics, melting points, and conditlcaas of 

solid solution formation. Small-scale irradiations of Zr-2 clad 

PuOg-UO have been ccmducted wi-ttiout incident. 

Extensive use is being made of piloting future vork on pluionlum-

uranium ceramic fuels by studies of UOg systems. UOg powders for 

ceramic core fi;̂ l elements have been studied to detfzmine the effects 

of P3Bder pretreatment prior to core fabrication. It was fouaid that the 

slnterabllity of UOg powder can be greatly enhanced by ball milling 

and edr elutriatlon of the powders or by the use of additives such as 

TiOg or KbgOc* Stxulles are in progress to determine the thermal 

conductivities of irradiated and inairradiated UOg. Preliminary studies 

have already been made of compounds such as UC and UN for core 

materials. 
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Cold swage fabrication of UC^ fuel rods has been under intensive 

development, mainly with Zr-2 cladding but to a lesser extent igiHtx > 

stainless steel and alumin'um cladding as well. QuaUty of Zr-2 

tubing, UOo powder selection, and swaging techniques were defined 

as in^ortant variables. More than 30 irradiation tests of swaged 

specimens have been conducted without failure. Hot swaging processes 

have been developed. Preliminary results are promising. 

Vibration coE^paction studies on graded UOg powders have shown 

that densities of 85-90^ of the theoretical are attainable. This 

technique is being escploited directly for core fabrication and also 

as a stD^llfylng, preliminary step in swage fabrication. It is espe­

cially attractive for eventual application to plutonlum bearing fuels 

-(diere a minimnm of direct handling is desired. 

In st\idles of the high temperature behavior of UC^ systems, 

cylindrical specimens of xinsintered UO^ powder packed to a density 

of only 35 to 40 per cent of theoretical have been irradiated. Daring 

irradiation the UOg powder sintered and relocated to give a density of 

about 80 per cent of the theoretical and a granular structure 

suggestive of recrystallization froa a melt. However, extensive ex-

reactor experiments revealed that melting did not occur. 

Several iaproved welding techniques have been developed for 

making high integrity closures on Zircaloy-2 cladding. One, of 

unusual Interest, Involves \ise of an electron beam heating technique. 

5. Materials Development. The successful vendor fabrication of 

95 Zircaloy pressure tubes culminated development of extrusion and 

tube reduction techniques over the past several years. Each tube 
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passed a detailed examination for dimensional tolerances and surface 

l^erfections, plus being pressure tested. Approximately 30,000 feet 

of 2lrcaloy-2 fiiel Jcuiket tubing has been delivered and Inspected. 

Specifications and test procedures have been developed to insure satis­

factory performance under reactor operating conditions. A veldlng 

process for attaching spacer ribs to thin vail Zircaloy tubing has been 

developed and demonstrated to be feasible. 

Techniques for etching and autoclavlng Zircaloy process tiibes and 

fuel Jackets have been developed to determine corrosion resistance and 

establish fuel element Integrity. The process found best thus far 

consists of etching in nitric-hydrofluoric add solution^ followed by 

an aluminum nitrate bath, water rinsing, and esqtosure to steam at 

liOÔ C and 115 psl. 

Studies have been made to establish the conditions xmder vhlch 

hydridlng of ZlrcsuLoy occurs, and its effects on the properties of the 

metal*/ It vas shown that hydrogen pickup by Zircaloy can occur in the 

corrosion process. The ductility of Zircaloy saa^les vlth known 

hydrogen content has been measured at low strain rates. 

Corrosion testing of aluminum progressed satisfactorily, with 

eiqphasis on those alloys containing small amounts of nickel, iron, and 

tltaziiimi. Autoclave corrosion tests of Pu-Al alloy Indicated good 

corrosion resistance at 350^ for the as-cast material; vorked alloys 

vere considerably less resistant. 

6. Chemical Processing. Basearc^ and developiient studies have 

been conducted on several chemical processing schemes for recovery and 

recycling of plutcoilTM and \iranlum from spent fuel. 
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The applicability of the Zlrflex process (ammonium fluoride-

ammoniua nitrate) for dissolution of zircaloy fuel cladding has been 

confirmed. Pertinent process variables have been defined in pilot 

plant studies under tentative flow sheet conditions. Available radio-

metallurgy and chemical processing facilities have been shown to be 

capable of processing PBTR fuel by the 2^rflex process at Hanford. 

An iasioa «sdi«nge prooas* has -been developed for recoveiy of'hlfî  

piirity plutonivmi from aqueous nitrate solutions of low enrichment or 

natural uranium. Two cycles of an anion esschangâ  incorpoi7atl2ig 

fluoride vashlng, vlll give cooplete decontamination of plutonlvmi 

from fission products. Pemutlt SK resin has been foiind to possess 

an adequate combination of radiation stability and exchange capacity 

for this application. 

Studies on advanced pyrochemlcskL processing methods have shown 

that a basis exists for separation of uranixmi and plutonlum by 

chlorine or phosgene dissolution of mixed oxides in molten alkal i 

chloride. Uranlvmi oxide dissolves at a faster rate than does pluton-

Ivm oxide. In addition, it was discovered that zinc reduces uranyl 

chloride in salt solution but apparently not plutonyl chloride. 

The distribution of uranium and plutonlum between metal and salt 

phases in the al um1 num-aluml num chloride-potasslvm!i chloride system 

has been investigated. It was shown that a separations factor of at 

least 100 may be obtained per equilibrium stage. The behavior of 

other actlnlde elements in this metal-salt system has been studied 

and distribution coefficients have been measured at 725^0. 
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I?. STATUS OF CIVILIAN POWER REACTORS 

E» GENERAL ENGINEERING R & D (NUCLEAR TEGHHOLOGY) 

The information in this section is a summary of the significant 

results of the engineering and development programs to date supporting 

•Wsm civilian power reactor program. This material does not include the 

results of the support work for the military programs. The subjects 

covered in "Uiis Section are: 

1, Fuels 

2, Cladding Materials 

3, Fuel Fabrication 

1;* Irradiation Testing 

$» Fuel Reprocessing 

6, Coispments 

7, Environmental Invest igat ion and Effluent Control 

8, PlQrslcs 

9 , Safety 
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1. FOELS 

There are two basic l̂ rpes of fuel under development for civilian 

power^ reactors^ These are metallic uranium and ceramic fuel materials, 

"Shn metallic fuel is subdivided into two groups, i.e., Tinalloyed uranium 

and uranixm containing alloys to improve the material properties* The 

ceramic fuel is also divided into two groups, iae,, oxides and non-

oxides, 

A summary of the cxirrent status of the above fuels and materials 

is given in -fchw fallowing paragraphs* 

a. Metallic Fuel, % e major limitation in the use of metallic 

fuels for civilian power reactors is imuilaMon induced swelling at the 

tenperatures desired for central station plants* This swelling is not 

unique to angr one fissionable or fertile metal; it occurs in uranium, 

thorium, plutonium, and their all<̂ rs, Until more is known of the 

swelling phenomenon, no theoretical predictions are possible concerning 

limiting bumups and operating tenperatures. 

Metallic fuel is highly corrosive in water and it is necessary 

to utilize large amounts of alloying materials in water reactors to 

achieve even moderate corrosion resistance. This affects the nuclear 

properties of the fuel material. Protective cladding is used to prevent 

corrosion of ihe metallic fuel in water reactors. 
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Because of their high uraniimi density, metal fuels are more 

desirable for fast reactors than ceramic fuels. However, present 

metalHc fuels do not appear to have adeqxiate resistance to high tem­

perature swelling at desired bumups. 

Bfctal fuels which will perform satisfactorily in gas-cooled re­

actors are not now available. Such materials vould have desirable 

characteristics inherent in metals, but it appears unlikely that they 

vould be as satisfactory as ceramic fuels of slightly enriched uranium. 

Fission gas accumulation caiises excessive swelling of uranium 

at temperatures over 750-930°F (4O0-500°C). This severe teng)eratu3ce 

limitation, coupled vlth the poor heat transfer characteristics of the 

gas coolant, is so limiting that all present long range plans for gas-

cooled reactors using known technology contemplate -tiie use of ceramic 

fuels. 

Basic studies on irradiation induced swelling of fissionable 

metals and alloys are currently \anderway. Until more is known of the 

swelling phenomenon, no predictions are possible concerning fuel life. 

Many binary and ternary uraniiaa alloys have been investigated 

to determine if a ncminal addition of some metal vould markedly improve 

the properties thxis permitting the alloy to be used under conditions 

much more severe than feasible vlth unalloyed uranium. Typical addi­

tives examined Include silicon, cbronium, molybdenvmi, zirconium, and 

niobium. These alloys cure referred to as alpha uranitim alloys. 

Primary reasons for additives are: (l) to reflnt the grain 

size to minimize radiation induced s\irface btmiplng, (2) to make the 

uranixmi more amenable to heat treatment for removal of preferred 
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orientation, (3) to improve aqvieous corrosion resistance, (4) to mini­

mize growth and swelling during irradiation, and (5) to ii^rove the 

elevated temperature mechanical properties, while not sacrificing too 

many neutrons due to poisoning and dilution. 

None of the alpha uraMum alloys investigated to date appears to 

sufficiently improve the corrosion properties so that it could be con­

sidered a logical candidate as a fuel in \raiter-cooled power reactors. 

Alloys receiving considerable attention are the U-2 w/o Zr and 

U-1 to 5 w/o ^ ill the cast, vrought, and powder compacted conditions. 

Irradiation data on their resistance to swelling is contradictory, 

ranging from results indicating a great deal of resistance to other 

cases where the alloys were no better than unalloyed uranium. It is 

apparent that the irradiation behavior of these alloys is very de­

pendent upon fabrication and heat treatment. 

It is conceivable that one or more of the alloys ctirrently 

being investigated coxild operate satisfactorily in an organic-cooled 

reactor, providing the resistance to swelling is sufficiently improved. 

Use of these alloys in water-cooled, sodium-cooled, or gas-cooled re­

actors appears less attractive, assuming high operating temperatures 

and substantial bumups. 

Tte stable and metastable uranivmi classes, of. alloys< were developed 

in an attempt to eliminate radiation induced dimensional instability 

due to preferred orientation, minimize radiation Induced swelling, 

iB^rove the corrosion resistance in aqueous or other media, and to 

utilize fuels of lower enrichment than have been iiseCi in military reactor 

cores. Under radiation, the metastable alloys convert slowly to the 

stable class. 
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The U-10 v/o Mo and some of the uranium-flssium alloys are among 

the materials of i M s group still receiving serious consideration as 

civilian power reactor fuels. Radiation enhanced changes in the meta<-

stable states, swelling, loss of corrosion resistance, difficulties in 

fabrication, and excessive dilution accompanied by loss of neutrons 

have been principal causes for discontinuing work on the other alloys 

of this group. 

The U-10 w/o Mo alloy appears satisfactory as a fuel if an approxi­

mate upper operational limit of 1110°F (600°C) and 0.7 a/o bumup is es­

tablished. The tei^erature limit is particularly important since there 

is evidence that cycling above -Oils temperature resiilts in gross swell­

ing. There is vmcertalnty about the swelling behavior of this alloy 

arising largely because of insufficient data. The poisoning effect of 

yk> requires increased uranium enrichn^nt. tfetal fuels need peak temper­

atures greater than 1250°F (620°C) to reduce fuel costs. For sodium-

cooled systems at temperatures of about 1200°F (650°C) there would be 

a coi^atlbillty problem vlth the steel cladding since the iron uranium 

eutectlc forms at approxiiBately 1350°F (735*^0). 

b. Ceramic Fuels. The major advantages of oxide fuels In vater 

systems are (1) the potential for reaching very high bumups vithout 

excessive volume changes, (2) resistance to corrosion in a vater reactor 

environment, (3) low parasitic neutron absorption cross section, and 

(4) adaptability to fabrication by relatively simple techniques; however, 

the oxide fuel is not as adaptable to simple fabrication as metal fuel. 

The technology of UO^ is fairly well known, and mixtures of UOg 

and a second oxide have been Investigated with the view of Is^roving one 



or more of the properties. In contrast, many of the properties of PuO^ 

are uniaiown, and its potential as a fuel material has not been established. 

Oxide fuel materials can be used safely in reactor environments 

where corrosion by water would limit the use of other fuel materials. 

The high melting points of the oxide fuels permit use at high teng)erattires. 

Uranium dioxide, as an example, has a melting point of about 5000°F (2700°C), 

has no harmful phase transformations, and is chemicivlly stable to most 

reactor environments. 

Irradiation studies on UOp fuel samples have been lade to bumups 

exceeding 50,000 MWD/T, Experimental studies of irradiation behavior of 

oxides to various burmQ)S indicate that volume changes are negligible 

during irradiation. Thus, compared to metal fuels, oxides show an out­

standing ability to maintain dimensional stability under extended expo­

sure at high temperatures. Defected UO^ and ThOrt-U02 mixed crystal fuel 

elements irradiated to heat fluxes of several hundred thousand BTU>Air-ft 

in pressurized water were found to release solid fission products at rates far 

below similarly defected metal fuel elements, 

UOg is a competent fuel material for water-cooled reactors and 

probably will not be superseded in the foreseeable future lay another 

fuel. It is also a material on -sfeich a great deal of information has 

already been obtained. 

One general feature of ceramic fuels is extreme brittleness, and 

low thermal conductivity. Both factors result in susceptibility to 

thermal staess failure when used as reactor fuel elements. For this 

reason, ceramic fuels except BeO and graphite semi-homogeneous elements 

require structural support from the cladding. The low thermal conductivity 

also tends to limit the use of these fuels to reactors which do not require 
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a fuel- having a high g)ecific power, 

Aildaou^ the technology of UO2 is fairly well known, information 

is still lacking concerning the termal conductivity of the material 

under irradiation and the bumup limits to which UOp can be irradiated. 

The oxide fuels, having low thennal conductivity, operate at high 

central fuel temperatures, and central melting or void formation is 

thought to be the limiting factor. Also lacking are engineering data 

concemir^ the high ten5)erature mechanical properties such as ductility, 

tenperature limits due to volatility and center melting. 

There is some uncertainty with the oxide fuel concerning the 

power output capability of the dad fuel element. In a few experi-

Titents in which very high heat fluxes were obtained, central melting 

of the fuel definitely occurred and were thou^t to be the cause of 

failure J in other cases, a zone of coarse-grained UOp was fomed 

around a central void. This has been interpreted by some, but not 

all, experimenters as indicative of melting, and as representing a 

condition which must be avoided. This opinion is not universally held, 

and it is possible that the central temperature could be increased b^ond 

present limits. 

The bumup limits of oxide fuel in metal cladding are not yet de­

fined. Although oxide fuel is known to release fission gas at greater 

rates than metal fuels, quantitative data on the release of gaseous 

fission products from UO2 as a function of density, burmip, teisperature, 

and time are meager and sometimes contradictory. Statistical data as 

to the buildup of fission gas pressure, the frequency of dad failtires. 
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and the amount of activity released to the coolant is not available for 

long Irradiations of full scale fuel elements under reactor operating 

conditions. 

Non-oxide ceramic fuels are of interest in order to improve on 

some of the properties inherent to U02, These materials are in the 

early stipes of scientific investigation. In many cases physical pro­

perties are unknown, and only limited laboratory quatitities have hem 

synthesized. The general characteristics being sought î iclude high 

uranium density, high melting point, low neutron cross sec ion, high 

thermal conductivity, radiation stability and fission gas retention at 

high teraperatotte and long bumup. The largest current effort is on 

uranium monocarbide. 

The carbides, nitrides, sulphides, phosphides, and some of the 

aluminiites have a higher uranium atom density than UO2. These materials 

also have high melting points, are free from harmful phase transfoiMftifeions, 

and have thermal conductivities intermediate between uranium metal and 

the dioxide. Uranium monocarbide is the only non-oxide ceramic fud 

materials on whidi any irradiation data of consequence has been obtained. 

These data, although limited, indicate that at moderate Irradlaticm 

temperatures uraniura monocarbide decreases in density at a rate somewhat 

less than that observed in uranium metal fuels, and at elevated temperatures 

it £^pears to be superior to metal fuels in resisting swelling. The volume 

change under irradiation is not exaggerated at surface teniperatures up to 

1200°F (650°C)j however, the quantitative extent of this volume change has 

not been determined, nor have there been enough tests, or tests at high bumup, 

to have proved the usefulness of UG as a fuel material. 
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The monocarbide of uranium has a melting point of U000°F (2200°C) is 

chemically stable, and is compatible with some reactor coolants such as 

sodium. Its thermal conductivity is close to that of uranium metal. This 

would make it applicable as a fuel for high temperature reactors with high 

specific power, UC has be«i found to be pyrophoric in powder form, and will 

react with vater. This factor could make ihe material unsuitable for use 

in waijer reactors. 

The work in the field of non-oxide ceramic fuel materials, with 

the exception of UC, is primarily concerned with materials preparation and 

•ttie evaluation of pertinent physical and mechanical properties. As this 

work is in an initial laboratory stage, there is no current application of 

•ttiese materials for fuels, 

UranlTjm monocarbide appears to have properties that make it well 

suited for use in sodium-cooled reactors. Little work has been done on 

UC TXp to the present timej the principal data were developed in FT 1959 • 

The development work included determination of the thermal conductivity, 

fabrication by arc melting and casting, corrosion in Na and NaK, and 

irradiation damage. Two irradiations have been made with bumups of 

1000 MWD/T and 6000 MHD/T, The preliminary restd-ts were excellent* 
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2. CLtSmiSQ MATERIALS 

Mateirials considered for foel eleaeat cladding laclade aluBlaini, 

•B0&esltDB, zircoBluai alloys, stainless steels, niobium aad some of 

its alloys, special aaterials such EUS tantaliim, yttrium, and beryllluB, 

aad cerasLc claddlag, 

a* AluBJgua. Aluminum alloys have beea extensively used in 

lov tes^perature water cooled production reactors. Substantial de-

relopaent vork has been coiqpleted to produce an alumimoB alloy 

capable of operating in vater in the range of 600-650®P (315-3^5°C). 

Out-of-plle tests in vater, where the pH is held to 3 to 4 by addition 

of phosphoric acid, have given very good results la the teoifperature 

range of interest. lovever, In-plle data at the above teo^ratures 

vlth alloys, such as Z-8001 (2S alaalnum plus 1 per cent nickeiQ are of 

Halted value due to insufficient data. 

Llialted vork indicates that alumiaom alloys can be used as 

cladjding In organic cooled reactors at ten^ratores to 8 0 0 ^ (^30°C), 

providing that strength is not a major factor. The alnainua powder 

aetallurgy products containing AI2P3 have been cursorily investigated. 

Substantial vork on end closures, the effect of veldlng on metal 

propesrtles as veil as corrosion characteristics during irradiation. 

Bust be cQE^leted before their vorth can be assessed. 

b. Magnesitm 

Hac^esium alloys sock as Magnox (magnesium pins 0.1 per cent 

berylUuB) have beea used in British gas cooled reactors. All kaovn 

•agneslum alloys have unsatisfactory hig^ teaperatore properties aad 

since the U.S. is not currently Interested in relatively low temperature 

geis cooled reactors, there is no incentive for aagaeslua alloy de-

velopKat, 
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c. Zirconium. Zireoalum aad zlreonluB alloys, soch as Zlrcaloy-2 

(zlrcooium pins 1*5 per cent tin, 0.1 per cent iron, 9*1 per cent nickel, 

0,05 per cent chroaiua) aad Zircaloy-4 (Zlrealoy-2 less nickel), are 

being used In vater aad sodium cooled reactors. Principal drawbacks 

of these aaterlals are Uadted high teoQterature mechanical properties, 

iaaieqjaate corroslAn resistance in hlg^ tenperature steam above 

6 8 0 ^ (360®C), hl|^ cost of fabricated shapes, 

d. Stainless Steel. The stainless steels suffer f̂ ron the 

aajor disadvantage of h l ^ thermal neatrea absorption cross section. 

This necessitates aMltional enriehoeat or the use of very thin clads, 

levertheless, these aaterlals are being used in vater cooled, gas 

cooled, sodluB cooled, aad organic cooled reactors because of their 

strength, fabricabUlty, veldablllty aad ireasoaable cost. Potential 

probleas iaclnde: (l) progressive deterioration of mechanical properties 

at extended aeotroa exposuresj (2) iatergranular oxidation in gases 

at h l ^ tes^ratures; (3) "green rot" in reducing carbon aonozlde 

atmospheres; (4) possible aass transfer; (5) foraatlom of reaction 

layers or a lov melting uraalua-lron eutectlc, in case of localized 

overheating vlth metal fuels; aad (6) caaqpatibUlty vlth W at elevated 

temperatures has not beea veil established. 

e. IroB-Alnaiaum. The aore ductile iron-aluminua alloys 

should be considered as claddlag materials because of superior oxidatloa 

resistance, seeaiagly good a^]aeoas corresioa resistaace, aad a silently 

lover aeutnnsL absorptioa cross sectioa tfaaa the stainless steels. The 
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iron-aluminum alloys should be possible replacmnents for stainless steel 

in vater, organic, or sodium cooled reactors and in gas cooled reactors 

providing the temperatures do not exceed 1000-1200°F (51jp-650°C), Due 

to the limited data available, operational limits and applications cannot 

be well established. Little is known in this country regarding fabrication, 

irradiation behavior, and long time corrosion resistance. 
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3. FOEL FABKrCAnOK 

The esqserience that has been obtained on fuel fabrication 

technique for different materials i s summarized below. 

a. Unal loyed Uranixmi. The extensive use of unalloyed uranixmi in 

production reactors led to the development of the technology of Tiranium 

£8]>rieiition idiich ean %QyeDBqpare& to that for more coooDon aater la ls . 

Most methods of fabricating iiranlum metal involve casting of 

ingots or large dlngots, and working t o final sizes by rolling, forging, 

or extrusion. 

b . Alloys vlth a Uranium, Thorium, or Plutonium Base. Extensive 

fabrication experience i s not available for most fuel alloys. An excep­

tion i s the Zr-low U alloys xised in a special application where cost i s 

not as Important a factor as for civilian power reactors. 

Alloys most l ikely to be used in power reactors are high strength, 

high temperature materials such as U-Mo and U-Nb alloys. The relatively 

high strength of these alloys at elevated temperatures presents some 

problems in fabrication. 

Thorium alloys have not been used extensively with the exception 

of the Th-U alloy used in the Sodixsn Beactor Experiment. 

Plutonium alloys for civilian power reactors hold considerable 

promise. The f i r s t reactor fuel fabrication experience in this field 

i s presently being acquired by HAPO. A U-1.8 v/o Pu alloy i s being 

fabricated by casting, followed by extrusion. The problems connected 

vl-Ui plutonium alloys are those of c r i t icaUty and of toxicity, vhlch 

require glove box operation. 

There i s considerable discussion about suitable types of fabri­

cation methods for remote operation. Lit t le question exists as to the 
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eventual importeuace of remote fabricat ion, but the time a t which remote 

fabricat ion w i l l become pa r t of the fuel cycle i s unresolved. Problems 

in remote fabricat ion of recycled fuels are considerably more complex 

than those associated with plutonium. 

c. Ceramic Fuel ^felterials - UO2, Pu02, and Th02. Uranixmi dioxide 

i s xased more than any otJier ceramic material as fuel in c iv i l i an power 

reac tors . Present costs of fabricat ing UO2 fuels are higher than metal l ic 

fuels . Only the fabrication of small p e l l e t s by cold pressing and s in­

t e r ing has approached the production s tage. 

The production of UOg powders presents several problems such a s : 

(1) The inflxjence of the powder production technique on the 

further fabricat ion steps such as pressing, s in ter ing , and extruding of 

the finished fuel . Because of t h i s problem, pronounced var ia t ions have 

occurred between different batches of powders made by the same process . 

(2) Material enriched in U-235 presents special problems 

because of c r i t l c a l i t y . With enrichments xip to 3 ^ t h i s problem i s not 

too l imi t ing and such material can be processed continuously. Material 

v l t h an enrichment of 3 ^ to % f a l l s in an inteimediate c lass v l t h 

considerable Increase in cos t . Enrichments over 5^ produce severe 

c r i t l c a l i t y problems and a large increase in processing cos t s . 

(3) The fabrication of fuel element shapes from the UO2 

powders i s present ly quite expensive. The only large scale experience 

has been obtained in the production of small p e l l e t s , up t o about 1/2" 

in diameter having a length t o diameter r a t i o of s l i g h t l y more than 2 . 

These are made by a cold pressing operation followed by high temperatxire 

f i r i n g . The small diameter of these p e l l e t s i s d ic ta ted by reactor 

considerat ions. The effect of diameter of p e l l e t s on cost has not been 
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veil established. Larger pellets represent smaller numbers per given 

weight but need longer sintering times. The short length, which con­

tributes to a large degree to the high cost, is a fabrication limita­

tion peculiar to the cold pressing method. The sintered pellets have 

some variation in length and diameter. 

(4) Other fabrication processes for UOg not having some 

of the limitations of the pellet process have been sxjggested. Of 

these only svaging (vhlch will be dlscxissed later) has received serioxis 

experimental efforts. 

Work oa. fabrication of PuOg is very limited becaxise facilities 

are only now becoming available. 

d, Uranlxmt Carbide. The fabrication of massive UC is presently 

the major problem facing eventual xisers. Uranixmi monocarbide can be 

produced by reaction of carbon vlth xiranlxmi metal, UQg, UF5, or UFi,. 

but problems exist in producing an exact stoichiometric product. 

Uranium monocarbide is pyrqphoric in the powder form. However, this 

pyrqphoridty diminishes vlth fabrication. Compacts formed from 

powdered material are xisxially in the range of 65 to 75^ wllda possibly 

as high as 8^ to 90^ of theoretical density. 

Mslting and casting of UC appear to yield an acceptably dense 

product which behaves veil xmder irradiation. The casting method 

presently xised consists first of arc melting and remeltlng small buttons. 

Several buttons are then remelted together and bottom poured into a mold. 

At present the largest melts are 3/4" in diameter and 6" long. No cast­

ing methods are presently known vhlch offer promise of rapid develop­

ment into low cost, large scale production methods. 
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e . Bonding. C r i t i c a l a.spects of any clad are i t s method of 

attachment t o the fuel core, the nature of the bond formed, and i t s 

behavior during i r r a d i a t i o n . A p a r t i a l l y bonded fuel element may be 

worse than one t o t a l l y xinbonded, due to local ized overheating. 

All present UOg fuels are xjnbonded to the cladding. Such fuels 

a re used in this FresBsxirizsed Wa-ter Reactor blanket, the Con Ediison, I^esden, 

and the Advanced Eoillng< ^tegf Reactors. 

The present techiuque for assembly consis ts of inser t ing UOg 

p e l l e t s in to tubes of Zlrcal loy-2, s t a in le s s s t e e l , or alxanlnxmi and 

welding on end caps. Because of the requirement for high in t eg r i t y , 

the end cap welding has presented some dif f lcxi l t ies . 

The EBR-I, EBE-II, Fermi Blanket, SEE, and Hal lam are examples 

of fuel elements having a l iqu id metsil bond. 

The main problem remaining i s tha t of reproducible wetting of 

the fuel and cladding by the l iqu id metal where small clearances ex i s t 

between fuel and claddir^. Because of the higher temperatxire s needed 

for fabricat ion and Inspection, sodium technology i s more difficxolt 

than NaK technology. The main advantage of l iqu id bonding i s t ha t 

close dimensional tolerances for ccmrponents sire not necessary. Excess 

volume i s a l so available for the swelling of metal fuel . Assembly and 

disassembly of fuels can be done eas i ly . The f i r s t raaotely operated 

fuel fabricat ion f a c i l i t y (EBR-Il) w i l l combine a sintple melting step 

with llqxild metal bonding. 

Presently used fuels incorporating a diffosian bond and mechani­

ca l deformation Include a l l r o l l bonded p l a t e elements such as EME, 

IWR. seed, and a l l extrusion clad rods and tubes such as Fermi and 

EBR-I. 
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Cast, wrought, or powder metallurgy cores are used. Cladding 

components are tubes, rods, or plates which can normally be obtained 

commercially. In some cases the fuel is cast directly into the 

cladding cosiponents. 

The fabrication of diffusion bonded elements made by mechanical 

working consists of the assembly of the extrusion billet or roll pack 

followed by deformation at elevated tanpeiuture. 

There are relatively limited irradiation information on the 

behavior of such bond layers at U-Hi-Al, U-2ir, and tJ-Zr-Kb. Available 

data are insufficient to determine the limits of such bonds at high 

temperatxires and burnups. 

Fuel fabrication by diffusion bonding and mechanical deformation 

has the advantage of relatively low cost and produces a high quality 

bond. 
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k. IBRADIAZIQir TBSTJSG 

Hew and untried reactor fuel naterials must be tested uader 

ĉ adltlGBis of radiatloa aad tes^ratore idilch simulate those it would 

escperience as an operating fael eleiKat. Other characteristics such 

as corrosloa resistance, mechanical strength, aad good thenaal cmk-

doctlvity are of considerable is^rtance, but the ability of the jpro-

posed fuel material to resist uadesirable Irradlatlcm-induced changes 

will almost iavarlably foim the final basis for its acceptance or re> 

Jectioa as a possible reactor fuel. 

Evala^tlon of the liradiatioB characteristics of a proposed 

fuel Is one of the most expensive materials tests in existence. For 

exasaple, a relatively slsqsle irradiation test involving the use of 

aa UBlastrsmaated capsule contaiaiag three or four fuel specimeas may 

cost several thousaad dollars. If hitters and theimocooples are 

added to the capsule for temperature control, the cost of the test 

may rua from $20,000 to $^,000. F&r typical capsule tests the 

total time required to procure the experis^atal 33Kiterial, fabricate 

the specimens, perform the iirradiatioa, and cc^^ete the post-irradi-

aticm examlnatioB may range frcm 8 months to 2 years. More complex 

experiments requiring loops may result in expendituar̂ s araagiag \zp to 

$1,000,000 or more. ^ e time inquired to design aad fabricate the 

loop, procure the expeii mental fuel materials, and obtain the required 

experimental information, loay take 2 years or longer. 

The two most ia^rtaat parameters which caa be controlled during 

irradiation aire fuel t^Qierature and buiaup. 

^ e pi^seat unsatisfactory status of the art of fuel burm^ 

deteimlBatioB is a source of serious concern to groins ̂ agaged in 
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experimental fuel irradiations. Much of i^e sigaiflcance in the results 

from svich experiments is lost if imcertainties exist regardiag the fuel 

btiraup. 

a. Loops. Fuel element testing loops containing the coolant 

of intex^st have been heavily relied \xpon to furnish infoxmatlon on the 

irradiation behavior of fuel element-coolant combinations. These tests 

can provide conditions closely simulating those to be ex;perienced in 

reactor operation. Among the most important information sullied ia 

a well-enginee3red loop test is the following: (l) irradiati<» behavior 

of a prototype or full-scale fuel element interest at the reference 

opeiratlog temperature, bumx^ level, a M heat flux; (2) compatibility 

of the fuel cladding and the coolant at reference tes^eratui^s, flow 

rates and heat fluxes; and (3) behavior of the coolant in the expected 

i-adiatiĉ , pressure, and ten̂ perature envirooment. 

b. In-Pile Tests. Capsules provide a relatively slii5)le means 

for altering the test fuel environmeat from that of the reactor wl^se 

neutrcms are utilized. Although scsoewhat restricted in application by 

lack of forced convection cooling, these devices have proven quite useful. 

Capsule tests, as well as loops, suffer in utility frcaa lack of higji 

teoipezature sensing devices and suitable structural mate:rials applicable 

for ceiramlc and cermet fuels. 

The main disadvantage associated with in-pile irradiation 

testing is that the test element is usually not cooled separately from 

the reactor core. 

c. Test Reactor Facilities. Bie majority of fael irradiatioa 

tests require thermal neutrons. Ifost tests in the U.S. at the present 

time are being conducted in Hbs MER or ESS, althou^ several other 
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smaller test reactors are also belag used. Ia addition, prlvately-

flaaaced test z>eaetors are beeoaiag available. 

Almost all locatioas ia MTS aad ETR that are available for 

capsule irradiatioas are designed to accommodate capsules with aa outside 

diameter of 1.123 in. with lengths vp to approximately 30 in. This 

diameter is adequate for uainstrumented capsule work. However, it 

severely taxes the ingenuity of the expexlmeater wishing to iastrumeat 

capsules, for example, to measure and coatrol saa^le teŝ teratures 

duiriag irradiation. Lead wires from iastinimeated capsules require 

Valuable space in each reactor that could otherwise be used by un-

iastrumeated capsules. 

ETR is designed to acco3aamodate throu^-type loops. The design 

of HER on the other hand is soeh that most of the loops in the reactor 

are restricted to beam hole locations, and hence imist be of the bayonet 

type. Ia general, because of the more uniform flux field, most ex­

perimenters prefer locatioas which accommodate throu^ loops. Demand 

for these locatioas exceeds tibie supply. 

A major shortcomiag of the available test ireactors in the U.S. 

Ik 
is l^e lack of expexlm^ital space in the IX) range of thermal flux 

ia i^ch a flat flux field of several feet is available. The steep 

flux gradieats ia MTR aad ETR are a severe handicap to the experimenter 

vho wishes to irradiate a number of sai^les to identical burnxzps. 

Esseatially no facilities exist for irradiation of eî eirimental 

fuel materials ia a fast flux. Althou^ KBR-I is being used for 

such work to a limited extent, it caa be accomplished only be replacing 

staadard fuel elements with ̂ perimaatal assemblies of identical shape 

aad dimeasioas. Also, the Osix levels are low aad the core ^ze is 
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small. At best, irradiations of fast reactor subassemblies or 

plutoniumrrich specimens in thermal fluxes are make-shift experiments 

and frequently are of doubtful significance. 

d. Hot Cells. The lack of adequate hot ceU facilities con­

tinues today to be the rate determining step, in in-pile experimentation. 

Test samples can be produced at a much higher rate than they can be ex­

amined in the limited hot cell facilities available. More hot cells 

equipped to do ordinary analytical laboratory work are required. 

e. Advanced Testing and Research Reactors. A program is under 

way on research and test reactor development, up to the point of critical 

experiments, if needed to establish concept feasibility. Further work 

on particular concepts is being determined on a specific project basis. 

Continuing plans of the ABC for high flux research and testing 

reactors have required a well-integrated and rather specific R&D program 

on reactors of this type. A recent M L study estimates that reactors 

of the MTR type can be built to achieve fluxBS of 5 x 10^5 neutrons/cm^-sec 

for less than $15,000,000. AHL studies,including critical experiments, 

are continuing to determine the advantage of the flux trap reactor con­

cept for reactors in the lO-*- flux range. 

The reactors emphazing the flux-trap concepts have been under 

study for some years. At present conceptual designs are coiaplete 

and a number of detailed engineering studies are under way. 

A specialized Beam Research Reactor has been tinder study at 

Brookhaven for about two years. This reactor will have an epithermal 

flux within the core of greater than 10^5 neutrons/cn^-sec, and will be 
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uniquely valuable for cross section research. 

Development of BSR-type reactors with alumiaum^ elements is com­

plete. Some work is under way on a similar core with stainless steel 

elements. 

*̂ New Concepts 

Hew concepts are siipported up to tM point where te<ihnological 

feasibility is established and the work can be projectized with con­

fidence that a reactor system can be built sucessfully. For instance, 

work is under way at LASL on the molten plutoaium fueled, sodium cooled 

LAMERE reactor. The molten plutonium reactor technology being es­

tablished in the work on LAMFRE reactor will provide a first step toward 

a high bumvQ), high breeding ratio fast reactor. Within the limitations 

in present joetallvirgical knowledge it is possible to conclude that 

eutectic alloys of plutonium with iron, nickel, or cobalt can reduce 

the melting temperatxire of the fuel from that of plutonium-239 (61»0®C) 

to a value ia the vicinity of liOO to Î 50°C, and that ternary and 

quaternary alloying agents will further lower these melting temperatures 

by a few per cent^ A structural material must be fabricable and 

resistant to cozrosion by the fuel alloy and the coolant. At present, 

tantalum appears to be one of the best container materials. LAMFRE-1, a 

1 IW experimental reactor is presently under construction. 

The high temperature gas cooled reactor technology being 

established in the work on the proposed 3 MW thermal TURRET reactor 

is a part of the AEC - Bureau of Mines cooperative program on using 

nuclear energy for coal gasification. However, the TURRET reactor 
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will also provide most useful iaformatloa on the operating problems 

encountered in a contaminated reactor coolant loop. The TURRET 

developmeat program is presently centered around a helium cooled 

reactor operating with outlet teBiQ>erat\ires of 2,000 to 2,lt00^. and 

at a static ^stem pressure of about 500 psi. 
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5. CHEMICAL REPROCESSm? 

Chemical reprocessing is defined as the conversion of irradiated 

fuel elements into products suitable for inefabrication of fuel, products 

retximable to the AEC for credit, and waste products which can be safely 

stored. Chemical reprocessing is justified whenever material can be re­

covered for a credit greater than the cost of repix>cessing. 

The present status of repirocessing development can best be pre­

sented by discussing the three genei^ approaches currently being fol­

lowed. They are: (l) Aqtieous processes with multiple dissolution fa­

cilities or "headends"; (2) Uranium hexafluoride volatility processes; 

ajid (3) Integrated "closed cycle" processes in which a reactor and 

processing plant are built and operated as a single unit. 

The first two processes, the aqueous and volatility, are essen­

tially competitive, each offering certain advantages but both being 

7 
capable of achieving decontamination factors of the order of 10'. 

The third approach is specialized according to the particular require­

ments of the specific reactor with which it is associated. In genersQ., 

the latter approach is not capable of attaining decontamination factors 

higher than 10 to 100, but due to the nature of the z«actor design this 

is not a handicap, since direct (mantial) fuel refabrication is not re­

quired. An equally important consideration is the possibility that 

certain fuel systems will, due to their very nature, require semi-remote 

or remote irefabrication anyway. This circumstance arises in the Th-U-233 

fuel cycle, and also with U-Pu when Pu recycle is considered. During 

irradiation Th, U, and Pu build up isotopes which are not separable in 

ordinary chemical reprocessing. These isotopes in turn give rise to 

daughter activities which remain as contaminants even in the purified 
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U, Th, and Pu and make the materials too hot for other than at least 

semi-remote z^fabzlcation. This gives rise to additional expense and 

also to the suspicion that cooapletely remote refabrication methods may 

be no more costly, while also eliminating the need for decontamination 

other than that little required for maintenance of reactivity. 

At present, the Commission has "proved" technology applicable to 

the reprocessing of only three basic fuel ccrapositions: (1) Pure tiranium 

clad with aluminum; (2) Uiiunium - aluminum alloy clad with aluminum; and 

(3) Uraniimi - zirconivmi fuels having less than 2ff> total uranium by weight 

(exemplified by -Uae Submarine Thermal Iteactor (STR) Mark I and II coi«s). 

Technology is not considered "proved" until it has been demonstrated on 

at least a pilot plant scale with irradiated fuel. The vast majority of 

reactor designs now vinder consideration for civilian power puiposes in­

volve fuel elements having different compositions from the above, and 

for these adequate processing technology is at best in an advanced stage 

of cold pilot plant development. 

a. Aqueous Processing. Aqueous processes are by far the most 

advanced in development due to experience gained in U and Pu production 

progiams. For this reason, they are being applied to reprocessing the 

civilian fuels which will be produced in the near futxxre. Table D-I 

lists the current status of aqueous processes under development. 

The basic concept involved in aqueous processes is the reduction 

of solid fuel elements to an aqueous solution followed by continuous 

solvent extraction separation of contained fissionable materials froa 

each other and from dissolved fission pî jducts and structural materials. 

Long experience with solvent extraction techniques for alufflinimi-clad 
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uranium and uranium-aluminum fuels has been gained at Hanford, Savannah 

River, Idaho Chemical Processing Plant, and Oak RLdge National Laboratory. 

Dissolution of these fuels in HNO3 followed by solvent extraction in the 

nitrate system has allowed constoruction of process equipii»nt fron rela­

tively inexpensive stainless steels. With the extreme divei^ity of 

fuel compositions (e.g., zirconium, niobium, chrcmivmi, nickel, molybdenum, 

graphite, carbide, etc.) being developed or considered for power re­

actors, aqueous nitrate systems alone do not suffice. This is due to 

the fact that the newer and more diverse fuel compositions require 

more corrosive dissolution reagents, and such reagents are likewise 

often highly corrosive to stainless steel equipment. The "multiple 

headend" concept then arose, in which it was envisioned that fuels 

covild be combined into groups having similar dissolution chemistries, 

the dissolver solutions being converted to a pure nitrate system for 

the subsequent standard solvent extraction. Experience has shown 

that capital costs for single headend systems are high ($500,000 -

$3,000,000). It has therefore been the goal of research and develop­

ment to minimize the number of headends required to handle the gamut 

of proposed fuel types. 

(1) Mechanical Dejacketing. There are may basic 

designs of reactor fuels, e. g., metallic clad pins, rods, plates, 

and ceramics. By appropriate mechanical nethods, it is often 

possible to separate difficult soluble claddings froia the more 

easily dissolved metallic or ceramic cores, thus avoiding the use of 

highly corrosive chemicals for cladding dissolution. This technique 

also allows separation of cladding materials frcxa the highly radioactive 
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fission product wastes, potentially simplifying possible fut\ire , 

specific fission product separations and minimizing high level waste 

handling problems. 

SectionsLl wedging, abrasive disc sawing, fuel jacket 

derodding, and shearing are being studied as possible techniques for 

disassembling and decladding fuel elements. Results to date indicate 

that the mechanical approach is feasible and that the economics of 

the operation may be satisfactory. Several of the machines in ad­

vanced stages of development are currently being constructed for cold 

testing. If successful they will be tested with actual irradiated 

fuels. Problem areas requiring resolution are dependability of opera­

tion, ease of maintenance, and over-all economics. 

(2) Uranium - Aluminum Fuels. Workable aqueous processes 

have been demonstrated for this class of fuels. The technology is well 

established, and though continued process improvements are xmder develop­

ment, the major cost improven»nts to be expected will probably be ideal­

ized frcan continuous large capacity plant operation and from improved 

waste treatment and storage methods. 

(3) Thorium Fuels. A modified solvent extraction flow­

sheet has been developed for reprocessing thorium containing fuels. 

The technique, known as the "Thorex" process, involves dissolution of 

the fuel (after decladding) in concentrated HNOo catalyzed with NaF, 

followed by solvent extinction cycles for Th and U-233, plus an addi­

tional ion exchange cleanup cycle for U-233. Evaluation of the Uiorex 

process has been completed with Th iiradiated to levels as h i ^ as 
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3500 grams/ton using both long-cooled (HOO day) and short-cooled 

(30 day) material. Decontamination specificatioias were met for both 

Tb. and U-233 when processing toO-day cooled fuel, but product losses in 

solvent extzuction operations were not considered satisfactory. In the 

processing of 30-day cooled Th, decontamination specifications were met 

for U-233^ "but were not met for Th. Process improvement stvidies have 

been continued. It is currently planned to process Th containing fuels 

such as the Consolidated Edison and Elk River fuels by the Thorex 

process. 

' As discussed earlier, radioactive growth of davighter activ­

ities ih Th and U-233 subsequent to high decontamixxation Thorex proc­

essing may well dictate closed cycle processing with remote refabrica­

tion for the Th-U233 fuel cycle over the longer range. 

(4) Zirconium - Niobium Clad and Alloy Fuels. The Sub­

marine Thermal Reactor (STR) Mark I and II cores of this general type 

have been successfully processed. The technology used was developed 

specifically for these fuels and is limited in application to fuels 

having a maximum over-all U ccmpoSltion of approximately 2$. The U 

ccMiposition limitation of the process seriously limits its applica­

bility to power reactor fuels, and the highly corrosive dissolution 

medium required (concentrated HF) makes eventvieJL development of a 

more optimum and economic process necessary. 

The Zirflex process in which zirconium alloy materials are 

dissolved in MHi|.F-NHltU03 shows great promise. This process is of par­

ticular interest in that tiie system, thoxigh corrosive, can be contsdned 

in standard process equipment with tolerable corrosion rates. For this 
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reason it has been chosen for initial installation and pilot plant test 

ing of Zr decladding. Construction of this headend in a Power Reactor 

Fuel Reprocessing Pilot Plant is now vinderway. Studies to date also 

indicate prcanise for Zirflex application to integral alloy dissolu­

tions . 

In the longer range " ^ r c e x " process anhydrous BCl is 

reacted directly with metallic fuel constituents, leading to the sepa­

ration of the volatile ZrCli^. or NbCl^. This process allows separation 

of cladding and/or alloy metals frcan fission products which, as noted 

above, is desirable frcan a waste storage viewpoint. Unit operations 

data have been obtained on both dejacketing of UOg fuels and integral 

attack on alloy fuels. The dejacketing step now appears to be tech­

nically feasible. Direct reaction of HCl in the gas phase with mas­

sive quantities of zirconium alloy has led to severe inaction heat 

removal problems. Also under study is the gas phase reaction of 

zirconium alloy material submerged in a chemically inert bed, fluid-

ized with a gas containing anhydrous HCl. This approach is attractive 

in that it appears to alleviate the heat removal problem, idiough a 

number of engineering problems still require resolution. A "high HNO3-

low EF" process is under investigation as a dissolution procedure, es­

pecially for integral dissolution of highly alloyed fuels as, for ex­

ample, the PWR core. It is hoped that fluoride concentration can be 

controlled to decrease severe corrosion. 

To summarize, the processing picture relative to Zr alloy 

type fuels is much brighter than it was one to two years ago. Newer 

processes being developed tend to reduce the severity of the corrosion 

problem, and it now seems possible that a process can be developed 
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which will be compatible with seme of the eqiaipment used with other fuel 

processes. However, serious problems still remain to be resolved, par­

ticularly in the area of mixed alloys (Zr, Wb, Mo, etc.) and in the treat­

ment and disposal of process wastes. 

(5) Stainless Steel Clad and Alloy Fuels. The "Darex" 

process is of wide applicability to both military and civilian power 

reactor fuels. In this process, which is in an advanced stage of develop­

ment, stainless steel fuels are dissolved in dilute aqua regia (HCI-HNO3) 

followed by distillation separation of the highly corrosive chloride ion 

and conversion to the nitrate system. Continuous dissolution has been 

demonstrated on a cold engineering basis, and integrated loop testing 

involving dissolution, chloride stripping, rectification, and HNO3 evapo­

ration for feed preparation is in progress. A pilot plant demonstration 

cf the Dax-ex Jigsafe-ewSd is-jjuatw ip the ̂ dfisi^ istage ax^ hot oj^ration is 

siJiaedu3.!Cgd ̂ or. fiX. 19^.*. -^ TiJ2Bjsixm-da& t̂ĥ 'uasnajttjjuctî aa. atatarial, 

An alternate to mechanical dejacketing or Qaar^x dissolution 

of stainless steel clad fuels is the "Sulfex" process. Here, the stain­

less steel clad is dissolved in H2S0i^ in a Nionel or Hastelloy-P vessel. 

The principle problems in this approach are passivation of stainless 

steel, maintenance of low fuel losses to the decladding solution, and 

proof of suitable Nionel or Hastelloy-F fabrication techniques. Design 

and construction of a hot pilot plant are currently underway. 

Several years ago a process was developed, and a hot pilot 

plant headend was constructed, for reprocessing Submarine Intermediate 

Reactor (SIR) fuel. The process involved integral dissolution of the 

stainless steel clad - UCig-stainless steel matrix fuel in HgSOij., fol­

lowed by sufficient HNO3 dilution to allow the use of standard solvent 



extracticai technology. Carpenter 20 steel vas used for process vessels. 

This technique has <sily limited appllcaMlity for treatment of diverse 

fuel types in ccai5>arisan with Darex, and is therefore felt to be of du­

bious laag range value. Tte existing facilities will be operated, how­

ever, in FY i960. 

Use of sdxed HNC^-HF is also beii^ investigated as a process 

for decladding UO2 clad in stainless steel. Its major advantage is that 

several dissolver construction materials may be serviceable not caily for 

this dissolution reagent but also for the Zirflex reagent \ised for Zr 

dissolution. This mi^t for the first time permit dissoluticm and treat­

ment of the two major classes of fuel materials in a common systCTi. 

To stammarize, technology for the reprocessing of stainless 

steel fuels of the types currently \mder cansideraticai has not been 

demonstrated in hot pilot plant operation, though it has reached -Use 

stage where processes are being engineered for hot testing. 

(6) Uranitm Carbide and Grt^hite Fuels. Develcpnent of 

reprocessing technology for these types of fuels is at a very prelimi­

nary stage. 

b. Volatility Processing. In volatility processing, U fuels 

are fluorinated to produce UF5 and the fluorides of the fission products 

and alloying metals. UF5, being much more volatile th€in the other 

fluorides, can be readily separated by fracticmal distillation or 

adsorption-desorption processes. Volatility processes are capable of 

7 
attaining fission product decontamination factors of 1 0 , comparable 

to those of present aqueous methods. Potential cost advantages of 

volatility vs. aqueous techniques result from the reduced number of 
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costly process steps reqiiired to obtain the final product and also from 

the approximate 30-fold reduction in the volume of high level wastes 

produced. 

The BrF3 process has been studied extensively for application to 

low enriched fuels. A hot pilot plant has been operated, successfully 

processing fully-irradiated 75-day cooled ffimford material. Fission 

product decontamination was excellent. This method is not of great 

interest currently in that it is applicable cealy to bare U metal, and 

volatilization of Pu was not achieved. The work was of great signifi­

cance, however, in that it demonstrated the feasibility of volatility 

separation. 

Technical feasillty of the fused salt volatility process has 

also been demonstrated in hot pilot plant operation by actxial re­

processing of the irradiated fused salt fuel from the Aircraft Re­

actor Experiment. The process involved melting the salt mlxtuile 

(liaF-ZrFi|.-UFlt.) and converting the UF1(. to UF6 with gaseous F2* U decon­

tamination and recovery were again excellent. Fused salt studies have 

been extended to include dissolution of highly enriched metallic fuels 

(e. g., PWR core type). Pilot plants are ctirrently being modified to 

allow process testing with irradiated civilian reactor fuels. The 

major effort is currently being concentrated on the testing of con­

tainer materials for molten salt pperatlons. The most promising ma­

terials appear to be low-carbon nickel and a "graphite-lined frozen-

salt wall" vessel. 

Extensive e3q>erlence in fluidlzatlon techniques has led to the 

study of the "aqueous dissolution-fluorlnation" (AIF) concept. In this 

concept reactor fuels dissolved by conventional aqueous techniques are 
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fed directly to a fluidlzed bed fluorlnating unit. It is possible that 

UF5 can be distilled directly (leaving a calcined waste similar to that 

desired in ĉ pieous iraiste processing), thus eliminating aqueous solvent 

extraction and subsequent steps. Work to date has been limited to U-Zr 

ftiel of the HfR core type which has been moderately successful. 

Development studies are currently under way to investigate the 

control of highly exotibermlc reactions between metallic ftiel elements 

and reactant gases (e.g., HF, K!l, ¥2* etc.) by means of a fluidlzed 

bed inert to the reactant gases. Laboratory studies to date have been 

highly successful in controlling the reaction of anhydrous HCl with 

U-2ir alloy fuel elements. This work is of potential significance as 

a possible multipurpose headend for volatility processes. 

A method being investigated for reprocessing U-Zr alloy and 

o-Uier metal fuels involves dissolution of the metal in a liquid 

HC^-HF system. To date, preliminary laboratory woiit has been done. 

Laboratory woi^ is being continued aa the difficult problem of 

separating plutoni\jm hexafluoride (PuFg) from low enriched, volatility 

processed fuels. It has been established in the laboratory that PuFg 

can be produced at reasonable rates and at low enough temperatvires to 

be of process significance and that the material can be maintained and 

handled for reasonable periods of time. 

To sxanmarize, certain volatility techniques have been proved in 

United pilot plant operations to be competitive with aqueous solvent 

extraction msthods in product recovery efficiency and fission product 

decontamination. The approach holds significant potential for reduced 

processing costs aad as such is worthy of ccmtinued and expanded effort. 
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c. Closed Cycle Processing. "Closed cycle" processes, though 

frequently referred to as only another variety of chemical separations, 

represent in actuality an entirely new approach to the whole clviliaa 

reactor fuel cycle. In this approach it is recognized that the basic 

concept vmderlying much of today's fuel cycle development, namely high 

decontamination of spent fuels followed by manual refabrication of 

fuel elements, may not be as applicable in the civilian power program 

as in the military program from which it was derived. However, the 

closed cycle concept presents severe technical difficulties and unless 

reasonable economics can be shown it will have its greatest application 

to certain advanced reaxjtor types in which fuel inventories are large 

(e.g., fast reactors) or which employ Pu recycle or the Th-U233 fv»l 

system. 

Closed cycle processes, more commonly known as "Pyrometallurgy" 

or "Low Decontamination" processes, are those in which all operations 

in the fuel cycle from decontamination through re-enrichment and re­

fabrication are performed remotely in a facility closely integrated 

with a specific reactor. For closed cycle processes fission product 

decontamination factors of 10-100 are adequate (as ccanpared with 10' 

for aqueous and volatility processes), since partial removal of fission 

product poisons is sufficient when manual handling is not required. 

A processing facility integrated with the EBR-II reaxitor is now 

under construction at National Reactor Testing Station. The facility 

is being designed to reprocess EBR-II core material on a continuing 

basis and to demonstrate a process for the blanket. The sodium banded 

(core) fuel pins will be mechanically removed frcan the a,ssembly, me­

chanically declad, refined by melting and oxidative slagging, and after 
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toBl addition will be refabiicated into fuel elMients remotely. Bs-

covery of Pu from the blanket using molten aa^nMsium extractlcm or 

fractional crystallizaticai from cadmium is al£0 under study. The major 

process steps have been demonstrated at fUU EBB-H plant scale with 

0.I5& of the activity level anticipated and OQ a laboratory scale witti 

high fLssicai product activity. Meijor chi«d.cal problKas under investi­

gation inclAide optimization of conditicms for fissi<m product drosslng, 

developnent of siiitaible process ccmtainer materials, and scrc^ and 

crucible recovery techniques. It should be en^hasized, however, that 

the mechanical problems of transport, fabrication, inspection aaad self-

maintenance are also major areas requiring develoiaaent. This can be 

seen by visualizing the difficulties in handling materials m\ich hotter 

than present reprocessing feeds, chanically treating and refabricating 

them, and then inspecting them to precise dimensicois, all, with ma­

chinery that must be maintained remotely with no possibility of any 

hiaaaan re-entry into the operating areas. It is significant that the 

respcmsible developaent people are quite optimistic;' 

Conventioaial oxide drossing techniques are not capable of re­

moving fission products less electropositive than U and Pu (e.g., Ru, 

Ba, and Mo). A new process originally aimed at removal of tl^se less 

electropositive elements now appears to be a possible alternate proc­

essing approach. In this process (Pyrocachuium) the U-Pu alloy is 

dissolved in molten cadmium after which, by lowering the teniperature, 

the intermetallic cai5)ound UCdjj_ is precipitated and filtered, leav­

ing the fission products behind in the Cd solution. Pu can be precip­

itated or not as desired. This technique holds great promise as a 

closed cycle process, and considerable effort is being expended in 

iM.B direction. 
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Closed cycle research is also being luadertaken with Th-U fuels, 

i^plicable processes \inder investigation include arc melting, electro-

refining, Mg-Ag extraction, and Pyrozinc. Considerable more work will 

be required before it is possible to eval\iate the relative merits of 

any of these concepts. 

An extensive program is also being conducted to develop a closed 

cycle process applicable to U02-ceramic fuel systems. Cold and low 

level process studies have indicated that a relatively simple process 

involving cyclic oxidation-reduction operations yields an oxide product 

with satisfactory properties. This program is being continued with 

emphasis on hot cell studies to determine the effect of multiple and 

high fuel bumup irradiations on the process. This technology is of 

interest in the PRTR program and also has a significant potential for 

the UCg-ceramic fueled power reactors. In many of these systems, Pu 

recycle is being considered and the closed cycle has certain potential 

advantages as stated above. 

Very preliminary investigations are in progress on the develop­

ment of closed cycle processes for UC and graphite type fuels. 

In summary, the first full-level, closed cycle experiment is 

weH underway. The EBR-II facility, scheduled for hot operation in 

1961, is expected to allow resolution of mechanical problems to be 

expected in such complicated remote operations. Subsequent evaluation 

of closed cycle concepts should be easier in light of the experience 

gained. 

d. Waste Treatment. The major waste disposal problem arising 

from reactor operation is associated with fission products in the ir­

radiated fuels. Fission product effluents from chemical reprocessing 
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operations vary in volxime and composition depending upon the charac­

teristics of the fuel being processed and the type of process used. In 

general, aqueous reprocessing techniques result in relatively large 

waste volvmies, which to date have been concentrated and stored in under­

ground retention tanks. This method has been safe and adequate as an 

interim measvire, though it is not soil table for ultimate disposal because 

the useful life to tanks is not known and must be assumed to be rela­

tively short as compared with the 500 to 800 year hazard of the fission 

products. Thus the long term storsige cost cannot be determined ac­

curately. 

The first approach in the development of ultimate disposal 

methods has been to minimize volumes by converting the wastes to solids 

while at the same time making them less mobile. Several methods have 

been investigated. Calcination of aqueous wastes to dry solids in a 

fluidlzed bed at it00° to 500°C is the technique most advanced at this 

time. A hot pilot plant is currently under construction which will 

GuLlow demonstration of the process with aqueous aluminum nitrate wastes. 

This facility is scheduled for operation in i960. A number of severe 

problems 8issociated with the extremely high levels of radioactivity 

involved will require resolution. The treatment of off-gases from 

fluidlzed bed operations is a serious problem, involving not only de-

entrainment of micron and sub-micron size particulates by factors of 

o 

10 , but also the equivalent separation of volatilized and subse­

quently condensed radioactive ruthenium oxide particulates. Heat 

ranoval from the stored AI2O2 solid wastes is also a problem, since 

AI2O3 is a refractory insulating material. While experience to date 

in the operation of pilot plant equijgnent with solutions containing 
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spiked quantities of actual ICPP wastes indicates that these problems 

can be resolved, only significant scale operation on a hot basis with 

actioal waste solutions will prove the technical feasibility of the 

process. 

Handling of wastes containing corrosive ions such as F", CI", 

and S0| presents severe problems both when considering tank storage or 

in the development of ultimate disposal techniques. Chemical com-

plexing of fluoride ion with A1(N03)2 has been employed in tank storage 

of STR (Zr containing) wastes, but the stainless steel tanks required 

are costly, and as of this date minloium estimated tank life is only 

ten yeairs. Preliminary programs are being conducted to investigate 

and develop processes to separate and highly decontaminate bulk solids 

(Al, Zr, Nb, and stainless steel components) from fission products to 

aid \iltimate utilization and/or disposal. It is anticipated that 

technology developed in the calcination program can be extrapolated 

or modified to complement work in this area. It should be noted again 

that development of the reprocessing schemes themselves is aimed at 

minimizing subsequent waste problems. 

Little development effort has yet been expended on the dis­

posal of volatility and closed cycle process wastes. These wastes 

are produced as solids and as such storage problems may be minimized. 

Techniques for disposal of contaminated equipment from closed cycle 

plants are now under investigation. 

Gaseous radioactive fission products are released during dis­

solution of irradiated reactor fuels. A process has been developed 

and operated extensively for the removal of 1^31. Though experience 
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has been gained in the removal of Xe and Kr isotopes, development of a 

new and potentially more efficient process iM being conducted. 

To summarize the status of waste treatment and disposal, current 

practice is to reduce aqueous waste volumes by evaporatlcaa, and to 

store the concentrates in vmderground tanks. A program to calcine 

aqueous aluminum nitrate waste solutions to dry oxides is in the late 

stages of development, wilii hot process demonstration scheduled to 

start in I96O. Alternate processes which complement and/or compete 

with the above methods are in early stages of development. 

e. Economics. Recognizing that private industrial development 

of atomic power presupposed a method of estimating all significant fuel 

cycle costs, the Commission devised a "conceptual plant" capable of 

processing those industrlEUL fuels then anticipated, thus filling in 

the last gap in the civilian fuel cycle. Inasmuch as none of -Uiese 

fuels had yet been prepared and little or no research had been done 

on the specific problems involved, the plant was designed on a purely 

conceptual basis. Recognizing the inexact nature of the total plant 

estimate it was not felt reasonable to atten^t to differentiate con­

ceptual cost differences that might arise from one fuel to another 

and, therefore, within the limits of uncertainty of the estimates, 

a standard daily charge was chosen for all fuels considered. This 

charge ($15,300/day with minor adjxastments) is recognizably lower 

than present estimates of possible private industrial plant charges 

which would be required if conventional industrial pricing policies 

were used in the light of the small loads of widely diverse fuel 

types found in the civilian power industry today. The Camnission, 
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however, which viH actually process these fuels in existing facilities 

will be able to take advantage of its large capacity plants and xecover 

full costs even at these prices. Additional capital funds are needed 

only to modify or add certain special equipment. With increasing nuclear 

power construction undearway it is felt that within 5 to 15 years adequate 

fuel loads will be available to penait private industrial plant con­

struction and industrial pricing policy to be compatible with the exist­

ing Atomic Energy Commission price structure. When this occurs, the 

AEC will discontinue its current commercial work in this field. 

As presently provided, the costs of processing are deteimined 

primarily by size of batch to be processed, because this quantity deter­

mines the number of days that the conceptual plant, operating at a 

fixed capacity, must work on the batch. Fuel enrichment affects proc­

essing costs directly (on a unit weight basis), because higher enrich­

ment fuels necessitate lower plant capacity if criticality control is 

to be maintained. To the extent to which inert alloying or cladding 

materials are introduced into the conceptual solvent extraction system, 

capacity for fissionable material is also reduced, thus inci^asing 

processing days and total batch costs. All of these influences on 

charges are reasonable in the light of potential industrial practice. 

Charges for nev civilian fuels which vere not considered in the orig­

inal conceptual design will be determined as above vith an incremental 

charge based on new or special equipment not initially provided. It 

is extaremely difficult to project reprocessing costs more acciirately 

at this time. It is well-known, of course, that increasing fuel bum-

up will significantly decrease the affect of processing costs on over 

all fuel cycle mills/KWH. 
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6. CaMpqgEHTS 

The information included in this Section staromarizes the status of 

the technology in reactor instrumentation and control and heat transfer 

reactor components. 

a, Out-of-Core Instrumentation. 

(1) Neutron-flux sensors for environments up to 570°F are 

commercially available. 

(2) A neutron indicator scheme recently examined by Oak Ridge 

National Laboratory consists of a moving chamber and positioning servo. 

Flux values are read out in terms of chamber position. An advantage of 

this scheme is the ability to indicate flux values over a 10 decade range 

as coirpared to the 6 decade range of conventional sensors. 

(3) Work is currently underway to develop and test a neutron 

sensitive microwave waveguide system. This sensor, if proven feasible, 

will permit the monitoring of the average flux around the periphery of a 

reactor under all flvix-distribution conditions. It is anticipated that a 

soiisor of this type will be useful in temperature environments above 

lOOOOF. 

(h) Several atten5)ts have been made to develop a neutron-flux 

indicator based on thermometry. The advantages of this type of sensor are 

its ruggedness, low impedance output, and self-generating signal. 

Savannah River has successfully developed and operated a "neutron thermom-

ete.'" 0' ploying a fissile material as heat source and reactor coolant as 

h c'l, ii'-' . '''he Savannah [livor work is being extended to develop a sensor 

that is fsst oncuijh to operate in a reactor control or protective circuit 

and is designed to operate in a 1000°F environment. 



Battelle Memorial Institute has developed a similar neutron 

thermometer based on the heat balance principle. The merit of the 

Battelle Memorial Institute thermometer is its ability to corapensate for 

gamma heating in the sensitive element; the disadvantage is the long time 

required for taking a raeas\irement. 

b. In-Core Instrumentation. 

(1) Miniature neutron-flux monitoring sensors are commercially 

available for operation at 6509F and 1,000 psi. These are ion chambers 

J" diameter. Small in-core fltix sensors employing both fission heating 

and gamma heating have been used at Savannah River in temperature envi-

rtMiments up to 200°F for long periods of time. Savannah River has also 

had success with the use of activated wires which may be withdrawn at will, 

although this method is cumbersome and time consuming. Another development 

\sy Battelle Memorial Institute has been described under out-of-core 

instrumentation. 

(2) Coolant flow meters employing turbines have been used 

extensively at Argonne National Laboratory. Currently available tiarbine 

flow meters are designed to operate in a ̂ 00*^ environment. Argonne 

•National Laboratory is investigating the hot-wire anemometer as a possible 

replacement for turbine flow meters. Tvirbine type coolant flow meters 

have been successfully run out-of-pile in NaK at 1500°F at Oak Ridge 

National Laboratory, 

(3) Temperature indicators employing thermocouples have been 

used successfully up to 650°F in reactor cores. Failures due to mechan­

ical breakage have been experienced where rigid fabrication specifi­

cations were not observed. Resistance thermometers have not been exten­

sively used in cores. However, Argonne National Laboratory plans to 
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make investigations in this field, Thermocoiiples are not available to-

make required in-core raeasiureraents. Particular attention should be paid 

to the thermometiy of UO2 near its melting point but no reliable in-pile 

tenrperature measxirements exist above approximately 3000°P. 

(h) Presstire indicators for measuring transient pressure 

changes in the coolant channels between the fuel plates or fuel pins of 

boilir^ water reactors are not available; however, Spert uses instrumen­

tation to measure the integrated pressure change within a single fuel 

element assembly. Argonne National Laboratory plans to investigate the 

development of improved in-core pressure sensing devices. 

(5) Moderator void indicators have been tested in cold loopsj 

however, little success has been shown. Argonne National Laboratory is 

considering sonic systems for this service. It has been demonstrated that 

coolant void fraction can be inferred from measurements made of the alter­

nating current component of noise in ion chambers inserted near boiling 

coolants. G. E. Vallecitos, in conjunction with Knolls Atomic Power 

Laboratory, perfoinned the demonstration. 

(6) Coolant level and density indicators based on sonic 

systems are under developnent. These sensors are designed to operate in 

1000^ environments and will be able to discriminate between froth and 

liquid. 

(7) Fuel-element failure detectors have been under investi­

gation for several years. No adequate fuel element detector system has 

yet been developed for water reactors. 

c. Connecting Cables 

(1) Special signal cables for flux monitors have been 

developed. These cables emplcy quartz fiber insulation and should be 
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capable of operation at 1000°F. For low temperattire environments, poly­

styrene insulated cables are satisfactory. }/igo cables are believed to be 

adequate for 2000°F. 

d. Control-Rod Actuators, 

(1) Electric powered actuators of the magnetic-jack type, 

harmonic drive type, rack and pinion type, and ball and screw type have 

been successfully developed and tested extensively up to 600°F. Scram 

times reported for these actuators range from $0 to 750 milliseconds, 

dê Jending on the amount of spring loading in the device. Commercial 

versions of all these types are available. 

For higher temperature operation the magnetic-jack type 

appears to offer the greatest promise. In this type of actuator, the 

drive mechanism consists of a support tube, four sets of stationary elec­

tromagnet coils, an annular fixed armature, and an annular movable 

armature. The movable armature can be moved up or down a short distance 

(about 0,1 inch) between end stops by energizing either lift coils or pull­

down coils. By energizing either the grip or hold coils, the rod segments 

are magnetically attracted and held against the inner bore of the movable 

or fixed armatures, respectively. In this manner, the rod extension is 

gripped by the movable armature to be moved and held stationary by the 

fixed armatiure while the movable armattire is returned for another step. 

In addition to moving in discrete steps, the control rod may be released 

at any position in its travel by de-energizing the coils. 

There are several advantages inherent in a magnetic-jack rod 

actuator. It is relatively simple in design and can be fabricated at low 

cost. Most parts are either simple coils or can be made of standard 

seamless tubing. Fabrication consists entirely of simple machining and 
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welding of these shapes. In addition, there are no parts to lubricate. 

Other important advantages of the magnetic jack are a clear loading face 

and the elimination of shaft seals. The actuator can be Tised in any 

water or organic cooled reactor, wet, or in a thimble. 

Atomics International has designed and tested a magnetic-

jack actuator for Piqua that can be placed in toto inside a core tank and 

operated immersed in a 700°F coolant. A prototype has been operated in 

air at room temperature at rod speeds Tip to 25 in/min lifting a 50 lb. load, 

and m in/min with a 300 lb. load. Maximum scram times dtiring a prototype 

test in 550*'F Santowax R has been 725 milliseconds. Endurance tests have 

run as long as 260 hours during which 2,020 scrams have been made. 

The cost of magnetic jacks presently runs from $1,100 per \init 

(in quantities of 10) for the Argonne National Laboratory design lifting a 

220 lb. load, to $20,000 per unit (in quantities of 10) for the Westing-

house design lifting a i;00 lb. load. 

(2) hydraulic control-rod actuators are not in wide spread 

use at present. This type of design will be vised in Dresden irtiich will 

operate in a 600°F environment. It incorporates a piston stabilizer in 

the form of detents along path of travel, 

e. Control System. 

(1) Transfer Functions. Techniques for measuring reactor 

ia-ansfer functions for both thermal and fast reactors have been developed 

to a high degree of refinement by Argonne National Laboratory. From these 

measurements, mean neutron lifetimes and reactor stability under various 

operating conditions can be determined. 

(2) Experimental neutron-flux distribution measurements 

employing oscillating control rod techniques made at Savannah River 
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indicate that this method shows promise for obtaining power flattening 

information in power reactors where in-core instrumentation is not 

possible. Further work in this area is being planned. 

(3) Electronic systems for both control and protective 

functions have recently reached a high degree of refinement through the 

use of transistor circuitry and magnetic amplifier circuitry, 

f. Heat Transfer, 

(1) Gas Cooled Heat Transfer. Helium temperatures up to 

2300*^ at 250 psig have been maintained for an appreciable length of time, 

and temperatures up to 2500°F have been attained for a short time, in a 

simulated reactor loop with heat transfer to the gas taking place in a 

bed of tmfxieled graphite spheres. Helium purity has been maintained, but 

satisfactory operation of the helium compressor has been a problem. 

A considerable amount of investigation of high temperature 

heat transfer in gas systems is under way. This includes studies of heat 

laransfer and pressure drop phenanena at temperatures up to ltOOO°F in flow 

channels of various shapes, measurement of thermal conductivities for 

helium and other gases at high temperatures, and adequate means of high 

tenrperature meastirement in gas streams. 

Preliminary experimental work in methods of increasing the 

mass heat transport capability of gas by use of finely divided solids 

carried in suspension has resulted in attainment of high gas heat transfer 

coefficients, indicating that the gas-suspension cooled reactor concept 

may be promising. 

(2) Liquid Cooled Heat Transfer. In the area of water 

coolants, investigations are underway with respect to (l) boiling heat 

transfer and burnout under various conditions, (2) core hydro<fynamics. 



and (3) means of stimulating increased heat transfer ty vortex flow, 

l̂ltrasonics, electric fields, etc. 

Investigations are underway to determine heat transfer charac­

teristics for (l) light and heavy liquid metals in heat exchangers, and 

(2) direct heat exchange between immiscible liquids such as water and 

mercxiry. 

Work is underway to determine means of calculating heat flux 

in superheated liquids, 

g. Components. 

(1) Gas ̂ stem Components. In the field of components for 

high temperature gas cooled reactors, a recent survey of the availability 

and specifications of current equipment indicates that there is little, if 

any, commercially available to meet the needs of helium cooled reactors. 

It is believed that a considerable amount of developnent must be undertaken 

to provide satisfactory mechanical components such as compressors, heat 

exchangers, valves, etc. 

(2) Pressxire Vessels. Investigations are underway with 

respect to materials, fabrication and welding techniques, stress corrosion 

phenomena, and fatigue in reactor pressure vessels, which are directed 

toward improved design and more economical manufacture of these components. 

Investigations of thermal cycling at coolant vessel wall 

surfaces will be started soon to study the causes and means of avoiding 

deterioration of pressure vessel and heat exchanger surfaces and fuel 

element cladding caused by turbulent eddies. 

There is a need to investigate techniques for remote inspection 

and testing of reactor pressure vessels after long service in a radiation 

environment. 
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7. BHViitCCTlElfML IHVliS'riGATIOg ABB BKfEDEtCT COHTROL 

The environmental investigation cmd effluesst control program has 

as its major objectives the safe managemaot aad disposal of various types 

of radioactive wastes, the quantitative deterBdnaticm of the btiiavlor of 

these radioactive effl̂ aî its in the envlrcnameat. and the developsient of 

engineering criteria associated with the environmental aspects of nuclear 

technology operations. 

Low-level wastes for i&ich treatment and disposal syst^us have been 

developed are those genercLLLy in the microcuries per gallon concentration 

range and are those generally associated with laboratory and research 

activities, li^t-water coolants in reactcnrs, and isotope use. 

The handling and disposal of solid or packaged low and intermediate 

level wastes (up to the order of a curie per package) has also been 

successfully carried out by such operations as baling and land burial. 

StoztLge systems for high-level wastes,, primarily those evolved from 

the chemical reprocessing of irz*adiated fuels (concentrations yxp to 

hundreds of curies per gallon) have been ia. srzccessfol operation for more 

than 10 years, but are not equated with final disposal. Capital costs 

for such storage facilities range from about 30-^^ per gallon to $2.00 

per gallon depending on the chemical composition of the wastes. Storage 

costs for waste from Zr fuel may go up as high £us $5*00 per gallon. 

The cxirrent development projects included in the program are 

divided into four categories as follows: 

(a) Environmental investigations 

(b) Low and intermediate level radioactive waste studies 

(c) High-level radioactive waste stiidies, and 
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(d) Gaseous and particulate waste studies. 

a. Program Activities. Environmental and sanitary engineering 

activities involve work essentially in two major areas: (a) radioactive 

waste handling and ultimate disposal and (b) envlironmental studies as 

related to the safe handling and disposGiL of radioactive aiaterials. An 

equally important phase of the sanitary engineering program is the estab­

lishment of technical working relationships wl-Ui federal, state, and local 

agencies and private industry in the areas of radioactive waste disposal 

and related environnental problsas. 

These activities have restilted in the promulgation of an extensive 

reseairch and development program in the above areas in order to assure 

that the disposal of radioactive materials from nuclear energy operations 

win not deleteriously affect the health and safety of the public and its 

environment. 

b. Environmental Studies. The program in enviroianental studies is 

related to the controlled discharge euad disperseuL of radioactive wastes to 

nature. Because the wastes are evolved and discharged in all possible 

physical forms, i.e., liquid, solid, and gaseous, there is prime concern 

with safeguarding man and his resources from direct and indirect effects 

of the radioactivity via air, water, soil and food routes of transmission. 

Each individual waste discharge must be considered unique, because of 

differences either in the form or constituency of the wastes or in the 

receiving mass of air, water or soil. (As examples, the meteorological 

diffusibility at the Ifational Reactor Testing Station differs markedly 

from that at the Shippingport reactor site (as do the gaseous effluents); 

the stream dilution capabilities of the Animas River in Hew Mexico differs 

from those of the Jtob&yrls. River in Bev York, etc.) Tbie :program is ainwd 
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at obtaining the scientific data needed to assess the safe capacity for 

r£idioactive wastes of both local and regional environments. 

Experience during the past several years has shown an ever increasing 

use of the air, ground, and surfsuse water environments for disposcLl of 

certain low and intermediate level wastes. The quantitative sutsessment of 

specific environments to receive radioactive effluents is being investigated 

through cooperative agreements with the U.S. Public Health Service, U. S. 

GeologicELl Survey, and the U. S. Weather Bureau and by contract with 

Esrvard IMiversity, Knolls Atomic Power Laboratory, and the Oak Ridge 

national Laboratory. Hanford, the Savannah Elver Plant, Idaho and other 

Atomic Energy Commission installatioxis have done similar work. 

Assessing the environmental hazards associated with high level waste 

disposal in terms of the geologically significant periods of time during 

which they continue to be hazardous is a complex engineering problem. This 

is a particulsir problem in evaluating the feasibility of disposal into salt 

formations or deep wells and in evaluating the degree of fixation and non-

leachability of radioactivity in sinters, ceramics, or glasses. 

Eie U. S. Public Health Service has initiated studies to determinfi 

the fate of specific radionuclides in streams below KAPL, PWB and SEP 

operations. Data to be obtained will provide a quantitative assessiaent 

of environiDental dilution or concentration factors available in receiving 

streams and aid in the establishment of engineering and operating criteria 

for the continuing, safe disposal of low-level liquid wastes. In these 

studies considerable effort has been devoted to the development of precise 

radiochemical techniques for the laeasurement of specific isotopes such as 

cesium, strontium, and tritium in stream concentrations less than drinking 

water standards. This analytical technology is required before an 

accurate assessment by field Bwcrey can be made of waste dispersal 
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operations from the sites mentioned above. 

In another cooperative st\idy, a comprehensive industrial waste 

survey of tiranium milling operations on the Colorado plateau is being 

conducted by the U. S. Public Health Service. Extensive stream investi­

gations and in-mill surveys have been carried out at several representa­

tive mills in order to determine the characteristics of wastes from 

different uranium processing methods and their effects on the receivi3ag 

stream environment. An interim report has been i«ceived \&ich indicates 

that the Duraixgo, Colorado mill is causing a certain degree of pollution 

in the Animas River by the discharge of radium-bearing wastes in excess 

of maxlHium permissible concentrations. Results of the over-aQJ. Colorado 

Plateau survey will determine whether extensive engineering development 

work will be required to provide design criteria for a complete radium 

waste processing and disposal system for the \iranixim milling industry. 

The fate of radioactivity in tidal estuarties in connection with the 

nucleetr ship program is being investigated jointly by the U. S. Coast and 

Geodetic Survey and the Chesapeake Bay Lastitute (Johns Hopkins IMiversity). 

Bie purpose of this study is to determine the behavior of fission products 

in coastal environments as introduced by nuclear propelled ships, i.e., 

either from the controlled discharge of operationsQ. wastes or by an 

incident involving an accidental release of radioactivity. Properties of 

the marine environment which influence: (a) the movement and dispersal 

of radioactive material, (b) the geochemical exchange of the material with 

suspended inorganic material euid bottom sediments and (c) the reconcen-

tration of activity into the marine biota — all these factors are being 

investigated to develop basic information which will allow the prediction 

of the safe rate of release of i-adioactive materials to any selected 

marine site as well as the consequences of a major accidental release. 
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New York Harbor was chosen as the site for the first field study and it 

is planned to utilize applicable data developed at this location in model 

studies of other harbors. The Coast and Geodetic Survey is conducting the 

field survey program involving sample collection and salinity, temperatxtre, 

and ctorrent velocity measurementsj Chesapeake Bay Institute is utilizing 

the data in calculations on the rates of diffusion in the Harbor sis well 

as conducting laboratory studies on geochemical exchange and biological 

uptake of activity under simulated estuarine conditions. 

Sea disposal is being seriously questioned by certain state agencies 

and many administrative problems involving licensee operations in this area 

are being encountered. A definite lack of quantitative information to 

assess these operations from an environmental standpoint has been a major 

deterrent. Preliminary investigations of both the Atlantic and Pacific 

disposal eureas have reveeiled no readily detectable deleterious conditions. 

Because of increased interest by both waste disposers and regulatory 

agencies, the Committee on Ocesuiography of the National Academy of Sciences 

at the request of the Atomic Energy Commission has suggested a number of 

in-shore disposal areas off the Atlantic and Gulf Cosists. Oceanographic 

studies are being initiated to develop operatiiig criteria and regulations 

for insxiring safe disposal of low-level wastes at sea. 

In conjunction with the sea disposal studies, investigations are 

being carried out by the Stanford Research Institute on the feasibility of 

establishing a land burial area to sejrvice the western states area. At 

the same time, the U. S. Geological Survey is obtaining detailed geohydro-

logic information on areas in New York and Pennsylvania and Oak Ridge as 

a step towards the establishment of a northeastern burial ground facility. 

c. Low and Intermediate Level Waste Studies. Tbese studies are 

directed towards the development of improved systems for the handling. 
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treatment and disposal of low and intermediate level liquid wastes. 

Ground dispossil of these wastes has been practiced at Hanford, Oak 

Ridge National Laboratory, and Savannah River Project. The efficiency and 

safety of this disposal method requires continuous analysis and evalxiation. 

The rate of vertical and horizontal movements of waste liquids through 

different soil formations is being determined. In soil disposal opera­

tions at Oak Ridge the only radionuclides that have reached monitoring 

points are Ru-106 and the complexed ions of C0-6O and Sb-125 and these 

concentrations have been several orders of magnitude below acceptable 

limits. To obtain a better vinderstanding of our ground disposal operations, 

fundamental studies have been initiated at the University of North Carolina 

on the physical-chemical reactions between radioactive ions and natural 

earth materials. At Heuiford, studies sire being conducted on the determin­

ation of ion exchange capacity and replacement reactions between minerals 

and certain radioisotopes. The application of specific minerals such as 

calcite for Sr-90 removal and clinoptilolite for Cs-137 is being investi­

gated as a means of decontamination for low and intermediate level wastes. 

Studies on the effectiveness of conventional water treatment process­

es, for the removal of long-lived isotopes (Sr-90 and Cs-137) from low-

level liquid wastes are being conducted at the Oak Ridge process waste 

water ti^atment plant. Ihe removal of strontium and the rare earths has 

been increased to 95^ with increased dosages of lime and soda ash while 

the introduction of an illitic type of clay mineral has improved cesium 

removal efficiencies to 85^. 

At the IMiversity of California an investigation of the dispersal 

of low-level wastes in shallow reverse wells is being made. The rate of 
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movement of radioactive fronts under straight injection conditions is being 

determined and similar observations are being made under the conditions of 

injection and pumping a well simultai^ously. 

d, High-Level Waste Studies. The Saaaitary Engineering pr<^ram in 

developing systems for ultimate disposal of high-level wastes is charted 

along two promising courses: (l) fixation or iimaobilization of the 

fission products in clay, glass or ceramic structin-es and (2) direct 

discharge to selected, geologic formations such as salt fonnations or deep, 

permeable strata which will isolate the wastes for their period of radio­

active hazard. Feasibility studies (on paper) and laboratory experiments, 

especially in the fixation approach, have indicated promising chemical 

interactions to be used and have overcane many obstacles. 

Currently, emphasis of the development program is directed towards 

esqpanding the feasibility of laboratory studies to pilot plant scale engin­

eering studies on both the fixation and direct disposal approaches. 

Construction has started on a 60 gph conversion-to-oxide (aluminum nitrate 

wastes) plant at Idaho Chemical Processing Plant utilizing a fluidized bed. 

At Hanford, laboratory studies on radiant heat spray calcination on 

production type fuels has been promising. Work has now been initiated on 

power reactor fuel wastes. A larger scale experimental unit is being 

planned. Laboratory studies on the development of new ceramic mixtures 

with Purex wastes are being conducted for use in a self-sintering experi­

ment at Oak Ridge National Laboratory, On the direct disposal approach 

more laboratory work has been accomplished on utilization of salt 

structures than on the other possible geologic formations. Structural 

capabilities of halite (salt) formations, chemical compatibility of Purex 

and acid aluminum nitrate type wastes with halite and formation impurities, 

- 2.03 '-



and calculations involving the dissipation of heat generated by decaying 

fission products within salt formation cavities have been carried out. 

The engineering design for a field test to determine the feasi­

bility of disposing 6f high-level liquid wastes into salt formations has 

been completed. A subcontract has been negotiated by Oak Ridge National 

Laboratory with the Carey Salt Coripâ y of Hutchinson, Kansas, to conduct 

the field experiment in an unoccupied section of their mine. Two cavities 

(7,5 X 7.5 X 10 feet) have been excavated and auxiliary test equipment, 

includii^ electrolytic heaters for simulating fission product decay heat, 

has been installed, ĵnithetic chemical processing wastes with no radio­

activity will be used in the first tests, which are expected to run for 

two years. Information on the structural integrity of salt cavities, ion 

migration, temperature gradients both inside and outside of the cavity, 

possible migration of the waste cavity itself and gas production rates 

will be obtained in this initial field test program. The first tests will 

begin in September 1959* 

Development work on the other direct disposal approach, i.e., 

injection of high-level wastes into deep porous formations is being 

conducted along lines recommended by a special American Petroleum 

Institute study group. Laboratory studies on deep well problems such as 

plugging, formation fluid and reservoir compatibility with the wastes, 

heat dissipation and corrosion have been initiated at Oak Ridge. Methods 

of controlling adsorption and precipitation near an injection well were 

investigated by laboratory studies of the cesium and strontium tiptake 

relations in clay slurries, interstitial precipitation, and sorption on 

feldspars, quartz, limestone, and clay minerals. The formation of 

precipitates on neutralization of acid wastes can be controlled with citric 
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or tartaric acid, Complexing the waste introduces scaae corrosion problems 

but preliminary tests suggest that this can be controlled with inhibitors* 

An associated complementary attack on the final disposal problem, involving 

either high efficiency removal of specific nuclides or separation of inert 

salts frcxn fission product waste mixtures is being investigated on a 

laboratory scale. 

e. Gaseous Effluent Studies. The program in treatment of gaseous 

effluents is planned to keep ahead of developments in the industry. At 

one time small particulate contaminants presented a difficult air cleaning 

problem. Equipment and facilities such as high efficiency filters, deep 

bed sand and fiber filters, and iodine and rare gas removal units have been 

developed and built as a result of concerted effort by plant operators, the 

Stack Gas Problem Working Group and the TJ. S. Weather Bureau. In short, a 

difficult problem was brought under control. 

Dxiring the immediate futiire, research and development work will be 

directed toward improving efficiencies and capabilities of air cleaning 

systems, developing high capacity iodine removal equipment and equipment 

for filtration of particulates at high temperatures (above 1000°F). For 

example, the Harvard Air Cleaning Laboratory is developing an inexpensive 

method for the removal of iodine from reactors after an incident, or from 

the operation of chemical processing plants. The iodine collector consists 

of a copper gauze ("Chore Girl", a housewives' kitchen aid) which is silver 

plated. Both copper and silver are excellent media for fixing iodine. 

Since copper oxidizes in service, it is silver plated to provide addi­

tional protection against an iodine release. The silver iodide formed 

fixes the material at a low flow resistance, thereby making it possible to 

incorporate this simple device in existing air cleaning systems without 
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adding any appreciable fan or air mover load. These iodine reductors can 

provide suitable protection in reactor containment vessels and are being 

actively considered for installation in the existing Hanford production 

reactors. 

The U. S. Weather Bureau continues to provide meteorological 

consultant services in connection with reactor site evaluation. Meteoro­

logical assistance is also provided to all Atomic Energy Commission 

installations on engineering and operating problems and basic research is 

being continued on the dispersal of alanospheric wastes and on turbulent 

diffusion. Research activities are directed toward a better understanding 

of the diffusive characteristics of the lower atmosphere, which may be 

translated into practical use for engineers and operators at atomic energy 

installations. For example, the useful application of meteorology to 

power reactor facilities is exemplified in the operation of the pressur­

ized water reactor at Shippingport, Pennsylvania. Data collected to date 

on all standard meteorological parameters, as well as temperature gradient 

measurements, has provided a basis for quantitatively assessing the limi­

tations of the site because of the high frequency of inversion conditions. 

In this connection, a three-dimensional wind flow study, using meteoro­

logical balloons and smoke as tracers, was conducted to measure vertical 

velocities and trajectories of the air currents in the area. This project, 

whidi was carried out during stable atmospheric conditions, furnished 

vertical motion data that was unattainable "by other methods. Information 

obtained has been utilized in the establishment of emergency planning 

procedures for the pressurized water reactor. 
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8. ISSSJSS 

There are, la gmeral, two klads ot pbysics activities idilch 

affect reactor work, (l) the deteradjuitloa of the values of foadaaeatal 

contents idxich can strcmgly influence the course of reactor design, and 

(2) the improvement in the knowled^ of aba values of reactor constants 

d̂ilch result in increasing accuracy in predictions of perfomaace of 

specific reactor designs. An exaaple of the foxaer class is the deter­

mination of the eta of U-233 - unless this number is sufficiently larger 

thaa 2,00 there would be no point in atteopting to design aad construct 

a thermal breeder reactor, ^I^lcal of the second class is the precision 

laeasurement of the cross section of the fission product Xe-13^ ̂eAiich 

permits a more exact specification of the performance requirement of the 

c(»itrol system for a h i ^ powered thermal reactor. 

The activities discussed in this section are: reactor statics 

studies, control rod studies, reactor kinetics studies, fundamental neutron 

physics, shielding and technical publications, 

a* Reactor Statics, Static reactor idaysics studies utilize 

critical and sub-critical lattice assemblies to determine such things as 

the initial fuel loading and size of various reactor types, their neutron 

econoiiQr̂  aeutzt>n spatial distribution and energy distribution, the 

relative power distribution, the worth of control materials, and the 

variation of reactivity with teî jerature mids, depletion or breeding of 

fissionable materials, and fission product poison buildup. 

Reactor lattice studies on low enrichment viranlum metal 

systems have been under way on li^t water moderated systems for several 

years. Some work has been done on heavy >raiter moderated systems, and 

more recently started. Some work is beiag done on organic moderated 
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systems. 

Reactor lattice studies have recently started on low 

enrichment uranium oxide rods in light water and on thorium oxide, 

uranium-235 oxide rods in light water. 

Criticality measurements on Idealized geometries, such 

as bare spherical tanks of fuel solution, are perfonaed to check out 

theoretical methods of analysis. 

b. Control Bod Studies. The present situation in the theory 

of control is as follows: for a reactor not bearing a great degree 

of similarity to reactors already studied experlmeatally it is possible, 

with the use of elaborate computing machine programs and data from 

critical e3cperlments on the reactor lattice \inder consideration, to 

calculate control system strength to an accuiracy of a few percent. 

The use of simplified calculation methods with no critical experiments 

eaa at best give results accurate to ^ ^ percent In the control 

strength. The use of elaborate coî iutlng machine prograias and data 

frt^ critical experiments on reactor lattices similar in some respects 

to the lattice under consideration leads to accuracies that are dependent 

on the degree of similarity of the experiments to the case at hand. 

For the past year an int«isive program of theoretical and experimental 

studies has been under way. This program has as its objective the 

developmeat of simplified calculatlonal methods and certain input data 

which can be applied to a wide range of power reactors and pz>oduce 

results accurate to a few percent. 

c. Reactor Kinetics. Controlled variations in neutron fltix are 
• I . — — • • I I . B I I I - II — I • • — • ! - / 

discussed xmder this heading of Reactor Kinetics. Violent changes such 

as occur in potentially dangerous transients are studied under the 
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Atomic Energy Commission's reactor safety prognm. 

Rapid flux transients axe beiag produced by injecting 

pulses of neutrons from accelerators into reactor lattices aad samples 

of moderator materials. These experimeats are studying neutron 

thexmalizatlon, diffusion, aad the energy distribution of neutrons 

leaking from moderators aad reactor lattices. 

Slugs of thorium metal are beiag irradiated in the MTR and 

removed periodically for testing. Ia tests made durlag sttch removals, 

the anouats of thorium converted to U-233, aad the chaages la the 

absoxptioa cross section due to fissioa product biiildup, etc., are 

beiag detexmlaed by reactivity measuremeats ia a nearby critical 

facility, the Reactivity Measurement Facility. 

d. Fuadameatal Neutron Physics. Experimental i^asurements are 

ccMtinulag on the foadameatal physical constants of the fission process, 

aad on the behavior of neutrons thro\igh their life cycle, from birth la 

fission to leakage, or moderation, thermal diffusion aad absorption. 

The theoretical capability of a thermal reactor to breed 

more fissionable material than it consimies is detexmlaed largely by 

eta, the ratio of the aumber of fast neutrons produced in the fissionable 

Isotope. Experimental valties of eta have been determined for the more 

comsKna fissionable Isotopes, iadudlng evea plutoaiuEB-2^1. However, the 

fraction of the neutrons available for breeding is so small that any 

appreciable uncertainty ia the experimeatal value of eta for a particular 

isotope has a stroag effect oa estimates of breediag rates. Therefore, 

aa iateasive effort has beea made to reduce the uacertainty in eta for 

uranlum-233> the most pzx>mlsiag thermal breeder material. It is aow 

possible to say with coafidence that eta for U-233 is quite close to 
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2.28 and is beiag determined to aa accuracy of within 1^ and perhaps 

better. 

An experimental program is under way aad some results are 

available on the energy spectra, of gaaoas from fission, including both 

proispt gammas emitted by the fissioa products at short times after 

fissioa. 

As reported defiaitively at the June 1959 meeting of the 

American Nuclear Society, recent work on the slowing down of fission 

neutrons at Argoaae National Laboratory has greatly Improved the agree-

meat between the experimental aad theoretical neutron slowing down 

distributions in water. 

The process of thermallzation in which the neutron slows down 

from energies slightly above thermal to energies at which it is in thermal 

equilibrium with the moderator, is tinder intensive study. There are , 

experloeats now xxoder way that will make direct measurements of the 

energy distribution of neutrons leading from moderator materials, and 

determine how such energy distributions vary with moderator tesoperature. 

^ injecting a pulse of neutrons into bodies of neutron 

moderator and observing the rate at which the leakage flux decreases 

with time, it is possible to determine, for a modeiutor, the thermal 

neutron diffusion coefficlwat. Studies utilizing this technique are 

tander way in berylliimi, graphite aad water. 

Neutron cross section measurements are sxxpported largely 

by the Research Division of the IMlted States Atomic Energy Commission. 

However, other Divisions, such as Military Application, Production, and 

Reactor Development also stqpport p3X3grams Intended to obtain measure­

ments needed in their particular fields. For instance, the Reactor 
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Development program supports measurements needed for civilian or military 

power reactors, research reactors, and test reactors• 

Two types of cross section measurements are being made: 

differential measurements and icitegral measurements. In the foiroer, the 

cross section is measured as a fimction of neutron energy by exposing a 

sample to monoenergetic neutrons. In the latter, an average cross 

section is determined by exposing a sample to the energy distribution of 

neutrons in a reactor core. 

Considerable enphasis is being given in the differential 

fission cross section measurements to the fissionable materials, including 

uranium-233 and plutonium-2ip.. Where resonances are observed in the 

epithermal region, they are being analyzed to obtain resonance level 

parameters, Captui^ and inelastic scattering cross sections are being 

measured in the fast neutron region, and total, absorption, activation 

and scattering cross sections are being measxired in the epithermal and 

resonance neutron reactions. Inelastic scattering at and near thermal 

energy is being studied because at these low neutix)n energies moderator 

atoms begin to show chemical binding effects. 

In the high energy region of interest to the fast reactor 

program, work on uranium-23U and -236, and plutonium-2lp. and -2^2 will 

place particular emphasis on energy resolution in order to define the 

inelastic scattering levels in competition with fission. 

Integral cross section measurements are being supported at 

Argonne National Laboratory, Phillips Petroleum Company, and Oak Ridge 

National Laboratory, At Argonne National Laboratoiy, a Van de Graaff 

accelerator is being used as a pulsed neutron source to make absorption 

cross section measurements in water solutions of absorber materials, ORNL 

is using a pulsed Van de Graaff for time-of-flight neutron studies for 

differential cross sections in the KEV region, A fast chopper is being 
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used for differential cross sections up to tens of ev. 

The highly sensitive Reactivity Measurement Facility is 

being used la coajuactlon with the Materials Testing Reactor to make 

otherwise impossible measurements oa iateasely radioactive samples 

immediately after they are removed from the Testlag Reactor, 

e. Techalques of Reactor Analysis, Experimental data aad 

advanced theoretical me'Qiods are being utilized to refine the techalques 

of reactor aaalyses. On occasloa these aaalytical techniques are 

translated iato codes for use oa h i ^ speed computers, T^lcally, 

the COHNPC99E code, \dilch tireats aeutroa slowlag dowa qplte rigorously, 

is beiag applied to varloTis clean critical systems for \dilch criticality 

coaditioas have been measured* 

Theoretical work is under way oa "ttie energy distribution of 

neutrons' diffusiag between moderator regions at different temperatures. 

Theoretical analyses of resonance capture for various fuel element 

geometries is tander way wii:̂  due consideration to aeutroa scatteriag, 

eaergy losses in the fuel aad iateractioa between adjacent fuel 

asseoOblles, 

f. Shielding. Experimental measurements are supporting the 

development of techniques for shield analyses. Neutron and gamma 

^ergy aad spatial distributions are beiag measured in shields as a 

fuactloa of distance from radiation sources. 

g. Reactor Riysics Constants Center. Ia addition to reporting 

individual experiments aad calctilatioas ia AEC reports and in the technical 

literature, new reactor physics information and the pertineat nuclear 

data are being collected, digested and disseminated in an organized way 

by the Reactor fhyslcs Constants Center at Argonne National Laboratory. 
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9. REACTOR SAFETI 

The objective of the reactor safety program is to develop an 

understanding of the abnormal behavior of reactors, components, and 

supporting facilities through a systematic reasearch program. 

The Reactor Safety Program includes experimental and theoretical 

research into known and postulated reactor hazards for all major reactor 

types that have been built or will be developed as part of the Commission's 

reactor development program. It includes studies and experiments in ttsree 

major areas: Reactor Kinetics, Hazardous Chemical Reactions, and Reactor 

Containment. It also includes research into preventive safety measures 

and the developaent of safety features and devices intended to further 

assure protection of the public health and safety. The status of the 

Reactor Safety program is provided in the following paragraphs, 

a. Reactor Kinetics. The program for the stujt̂  of reactor kinetics 

has been carried out under the SPERT and KEWB projects. SPERT, which 

represents the major effort under tMs program, concerns Itself with iibs 

experimental investigation of parameters which influence Idae transient 

behavior of heterogeneous reactors, KEWB work was directed to the study of 

homogeneous reactors. By carefully selecting experimental parameters which 

are of iniportance in <^araic behavior it became possible to derive mathe­

matical models which generally describe the dynamic characteristics of all 

chain reacting systems. Largely as a result of the SPERT work, but also 

because of contributions from, the kinetic studies with KEWB, BORAX, TRIGA 

and the GCDIVA reactors, a satisfactory description of the general features 

of excursion behavior is now available when self-shutdown effects are taken 

into account. The general applicability of present theory to power reactors 

remains to be confirmed. This will require additional experimental work at 
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higher power levels and on different reactor systems. Such work will 

permit the development of detailed theories of the shutdown processes for 

each reactor system together with a means for determining the nature of 

Idle shutdown processes from static measurements and the performance of a 

limited number of mild transients. A more detailed account of the present 

status of reactor kinetic technology is provided in the following suimnaiy 

of work idoich takes into account experimental as well as -ttieoretical 

effoart, 

SPERT I, an open tank nonpressurized water reactor, has been in 

operation since July 1955. The major contributions to the reactor kinetics 

program are derived frcan the analysis of the experiments conducted with it. 

SPERT n , which will be ccHtrpleted in October 1959, will permit transient 

tests under conditions of flofw and pressurization to 300 psig. Its 

principal use will be to provide a comparison on the effects a£ neutron 

lifetime due to different moderator and reflector materials including 

hea-Ty water. SPMT III, which is designed for kinetic tests to full 

pressurization (2,500 psi), achieved criticality in December 1958. Work 

done to date includes plant check-out, critical experiments, and engin­

eering tests under pressturized conditions. Systematic transient testing 

is scheduled after the completion of the engineering tests. A pool type 

facility, SPERT 17, will begin operation in the Fall of I960, 

SPERT I ejcperiraents have been conducted on a total of five cores 

having widely differing void coefficients and thermal properties. Alum­

inum clad eniT-ched uranitam alloy plate type elements were used in the 

first four cores and variations in core characteristics were brought 

about ly varying the plate spacing or by insulating the plates with a 

plastic coating. Present work, which is nearing ccnipletion, involves 
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tests with a stsinless steel eore lAidb initially had been nsed in the 

APFR Program Oamy Padcaged Poser Beaeter). Pile eseillater studies 

have rsoently been initiated in SPERT I to pemit a eaqparisen between 

thi inferaatien ()btained as a rssnlt of transfer frmetiwi analysis and 

tfas kaoaledge alread̂ ŷ  available frem the traasiMit test work. 

The eaperinental m r k «i the first SPBBT I alaminm oere Inoladsd 

step, raiqi and stability eagperinents in snffieient detail to pemit a 

general evalnatien ef the prflperties ef the qrsteai for varioas tgrpes ef 

aeeidents* The initial objeetives of repeating and extending the BGRAZ 

experiments and the eonparison ef rasp and step aeeidents sere essentially 

fslfiUsd by these tests* The extensive data en this core also served n 

a refttrenee point in determining the influence ef varieas parameters on 

^^fnsmie behavior. Bi^Mriments en the five eores having widely differing 

void eeeffieients oomstitated the first ]^se of the general program ef 

determining the effeots of individual reactor parameters. 

The principal analytieal irork perfonwd during this period has been 

on the analysis of ranp nte and step transient tests eoodoeted with the 

five SPERT I cores. The analysis of raaq» rate transients has provided an 

aoonrate and generally applicable method for relating ranqp accidents 

to step accidents so that ths tso situations can be treated as a single 

preblom. It may soon be possible to place the treatment of aeoident 

initiatiMi en a realistic basis lay incorporating a limit on the reac­

tivity addition rate explicitly into hasards analyses. 

Ths analysis of step transients has provided sinple mathematical 

models which not only correlate most of ths features of the eaqporimental 

teta en the first five SPERT cores, bat whieh also prediot the behavior 

eharaoteristios of reactors ef maay ether tjypos (JDSIB, iXDUl, AND TBIOA). 
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Since these models reveal the influence of various reactor parameters 

explicitly (e.g., different reactivity coefficients and prompt neutron 

lifetimes) the general power burst properties of a system can be stated 

at i^3B outset if these parameters are known. Conversely, the nature of 

the internal processes and the correspondii^ dynamic properties of a 

reactor can be inferred with considerable accuracy frcxa the observed 

behavior of a few transient bursts. This means that the applicability of 

many of the eaperiraental and analytical results should extend beyond "ttie 

class of heterogeneous water moderated reactors. 

Theoretical work has also been performed on oscillatoiy behavior 

and the characterization of the initial power burst. Work on oscillations 

resulted in a feedback equation with iSxree different constants which are 

related to the thermal, hydrodynamic and other i>rocesses occurring within 

•toe reactor. The theory provides a means of predicting the oscillatory 

behavior of the power frcm. the time constants of the detailed processes 

and a method of determining the values of the constants frcxa the analysis 

of transient data. It has been shown that i^never the constants were 

less "toan a certain valtie, undamped oscillations could not occur. 

Other work on the analysis of initial power burst behavior, has 

shown that some of the properties of a power burst in a reaetop are 

independent of either the feedback mechanism or the pile kinetics, and 

ma^ be described quantitatively with no assumption other than that the 

pile kinetic eqxiations are nonlinear. The theory refers primarily to the 

shape ef the burst and is applicable chiefly to the faster transients 

observed in SPERT, KEWB, AND BORAX. 

KEWB, a 50 kilowatt hoaogeneous research reactor, was constructed 

to provide transient test data applicable to liquid fuel systems and has 
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been in operation since July 1956. The objectives of the experimental and 

analytical studies were to in\restigate and reach an understanding of the 

kinetic behavior of aqueous homogeneous reactors. Principal attention 

during the kinetic tests has been given to the following parameters: 

amount and rate of reactivity insertion (to a maximum of k% delta K), 

initial core pressure and teraperature, void volume in the core vessel, 

and initial power. 

The (dynamic response of the reactor to reactivity inputs which give 

rise to transients with stable reactor jjeriods down to two milliseconds, 

has been examined and considerable data have been accumulated, Qualita-

idvely, the behavior of this reactor is now qtiite well understood. The 

knowledge required to accurately predict the behavior of homogeneous 

reactor ̂ sterns of different design is, however, not yet available. 

Although significant progress toward the latter objective has been made, 

particularly of late, the basic obstruction in the atteiapt to predict the 

(dynamic behavior of this reactor type is the inability to account for the 

microscopic origin and subsequent growth of gaseous voids in ihs fuel 

solution. This phenomenon was shown, by analysis of the experimental 

results, to indisputably account for reactor shutdown in the most severe 

excursions, while ironically producing a major source of hazard. Shut­

down of the reactor results from expansion of the fuel solution which 

enhances neutron leakage and thus lowers the multiplication of the assembly. 

The e:!q>ansion required in transients resulting from large reactivity irq)uts 

is accomplished principally by the production of radiolytic gas within the 

solution. This expansion occurs so rapidly that a pressure wave is 

iiqiressed upon the reactor core vessel. Since containment of fission 

products is the prime consideration in hazard evaluations this pressure 
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wave cannot be tolerated if the magnitude is such that the integrity of the 

core vessel may be compromised. Hence, it is necessary to understand 

thoroTighly the details of the generation of these gaseous voids—their 

origin, their growth history, and their character at all times during 

their evolution. Without this information the analysis of potential hazards 

of homogeneo\ia reactors must rest largely on empirical data, which allows 

virtually no latitude in application of the data to systems other than the 

equivalent of the test prototype. 

It is expected that the solution of the radiolytic gas problem as 

a shutdown mechanism will be aided lay completion of tests with the present 

spherical core and continued investigations with a core of cylindrical 

geometry. Tests with the cylindrical core are scheduled to begin in 

FY i960. It is not anticipated that the work done with the present low 

power systems will be applicable to a full understanding of the kinetics 

of homogeneous power reactors which operate at high pressure and 

te.iiperature. Plans for extending the KEWB program into the power reactor 

region were initiated. However, due to the stretchout and delays which 

are expected in the development of homogeneous reactor systems for power 

production, no such program is presently contemplated. 

Regarding the status of reactor safety work outside of the SPERT and 

KEWB activities, the following statements can be made. Considerable work 

throaghout ths reactor field on the high power transfer function with 

feedback specifically included has brought this phase of work to an 

advanced state of development. For fast reactors, extensive theoretical 

studies have been carried out. Except for the GODIVA escperiments, only a 

limited amount of experimental excursion work has been performed and this 

was with KBR-1. Extensive transfer function measurements and analyses have 
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been performed with this reactor. Many isolated eaperimenis, such as those 

conducted with the TRIGA reactor, contribute to the general fund of knowl­

edge but do not have specific application to presently ira|)ortant clasps of 

reactors. For exaaple, very little work has been done aa. organic and 

sodium graphite systems which ai^ generally presumed to be "^fer" tJian 

pressurized water systems. 

An important part cxC the reactor kinetic studies is the understanding 

and assessment of the consequences of accidents. A ctarrespcaidLngly large 

theoretical effort has been expeiKied in the industry on this probl^a but 

the experimental reactor program has been limited to the cme BORAX 

destructive test and the EBR-1 core meltdown. 

Ths non-reactor criticality problems that arise in the fabrication, 

•toansportation, storage, and chemical processing of fissile material have 

not been overlooked but the approach has been frcm a restricted point of 

view consisting mainly of theoretical calculatioiKS and measurements of 

static nuclear properties of variotis arrays of iraterial. There has, in 

addition, been much experimental work on measurements of static nuclear 

properties of solutions which is particularly- applicable to chemical 

processing probleires. However, no c^amic studies have been made. 

b. Hazardous Chemical Reactions. 

(1) Metal-Oxidation - Ignition Studies. Many spontaneous 

ignitions of uranium, zirconiiim, thorium, and plutonium have occurred. 

Bhe frequency of these explosions is high enough to constitute a seriotis 

hazard. A sxmmaiy of the research work undertaken to stucfer this 

phenonena is as followss 

The properties of zirconium were studied in an effort to 

determine those factors affecting pyrophoricity. The studies were 
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empirical, with emphasis on determination of the hiSzards involved in manu­

facture, shipping, storage, and handling. Results of inpact, friction, 

and high velocity shock waves indicated that zirconium distillation 

residues have the same order of magnitude sensitivity level as TNT, which 

is fairly insensitive. 

Present work is directed to a carefully controlled systematic 

8tu4r of the variables involved in metal-oxidation - ignition studies. 

The effects of temperature pressure, metal purity, metallurgical histoiy, 

gas coBiposition, type of oxide film, thermal conductivity, specific area 

(degree of subdivision), temperature gradient, and mass, represent seme of 

the factors under experimental investigation. 

Three basic types of experiments have been conducted on the 

materials of interest. The first is isothermal oxidation at various 

tenperatures. The effect of each of these factors can then be investigated 

in turn to determine -ttiose which significantly speed up the oxidation 

process. The second is determination of the ignition temperature by 

programming a furnace for a certain temperature rise per minute and deter­

mining the temperature at i«Mch the saiî >le ignites. This ignition temper-

atare can also be correlated with the jarobability of spontaneoTis ignition 

and the effect of parameters studied. The third is the study of b\n?ning 

rates, or the rate at which an ignition front proceeds along a strip of 

metal after it is ignited at one end. The rate at which it proceeds can 

then be used to determine the effects of the parameters studied. To 

illustrate the thoroughness of these studies, the effects of 1, 2, and k 

a/o additives on zirconium isoldiermal oxidation have been studied for 

over 25 additives. The present status on Urn various materials may be 
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tabtiLated as follows: 

Ignition and bxirning experiments on uranium are almost ccanplete. 

Isothermal oxidation studies vp to 300^0 were caapleted. At 

this temperature thermal cycling becones a problem. 

Isothermal oxidation studies on zirconium have been conpleted. 

Ignition temperature studies are underway and the emphasis has 

been placed on the effect of additives to powders. Propagation 

rate studies are nearing completion. 

Work on thorixim and plutonium remains to be done. Studies of 

irradiated materials will begin after ccmpletion of the 

plutonium work. 

The possibility that zirconium carbide and zirconium hydride 

are Idie initiating agents for zirconium explosions is also 

being investigated. The oxygen concentration required to 

spontaneously ignite zirconium at various temperatures consti­

tutes one of the principal parameters in this task. 

(2) Metal-Water Reactions. In the event of a core meltdown in 

a water cooled reactor, a veiy high chemical energy release could result 

from one or both of the following events: (a) reaction of the cladding 

with the coolant releasing hydrogen, and (b) reaction of liberated 

hydrogen with oxygen to form an explosive raixtxire. 

It can be shown that the chemical energy which can be released 

frcm these reactors is greater than the nuclear energy released during a 

reactor excursion, A number of research tasks were initiated to study the 

nature and mechanism of metal-water reactions. The status of these tasks 
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f ollovTs: 

Studies with aluriimua have shovm that the reaction between 

aluminum and water below 1200°C is negligible. Experiments with zirconium 

and Zircalloy 2 showed essentially no reaction at their melting points. 

Another task concerned the investigation of damage caused by 

c;:fcren0lY rapid steam formation produced by a thermal transient. Stea:ii 

explosions were initiated by the rapid electrical heating in water of 

copper, zirconiujn, silver, iron, and aluminum. Only in the case of zircon­

ium was the steam explosion followed by evidence of a metal-water reaction. 

These tasks provided insufficient information for thoroughly understanding 

and predicting netal-water reactions and additional work was started. 

Present work will emphasize both laboratory and in-pile 

experiments. In the laboratory tests, the metal-water reactions have been 

approached as nonisothemal reactions. Since there is no single experi­

mental technique idiich can accurately provide the data needed, the closest 

approximations will be used. The methods chosen are melting of wires by 

condenser discharge in steam or water and ijusing solenoid valves to allow 

rapid steaw contact with a molten metal sample heated in vacuo. 

In-pile tests tising nuclear heat to melt down a fuel element 

in an autoclave to obtain correlations of the laboratory studies will be 

performed in the TREAT reactor. 

The only experiments ran to date have been the condenser 

discharge studies of .060" wires for zirconium, aluminum, uranium and 

steinless steel. At temperatures up to the iieltinr point of zirconium 

oxide, the pressure and temperature rise was extrenely rapid. 

Cne task which is nearin: cc .Diction co:\ccrra both th*̂  study of 

die ileal kinetics of netal-water reactions and the analysis of nuclear 
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excursions to determine conditions which favor a metal-water reaction. 

Materials considered in this study were sodium, aluminum, and zirccmium, 

Accomplishnents have included theoretical and experimental determination 

of the maximum rate of reaction possible between liquid metal and water 

vapor. 

(3) Fission Product Release Prc^ram. The amount of activity 

in the core of a reactor after it has reached high burnup levels is large 

enough to have serious consequences to a widespread area if totally 

released and uniformly distributed. Furthermore, very little is known 

about the percentage of gases and particulate matter released and the 

conditions affecting release. As a consequence, engineers must design 

containment shells and core vessels which woxild be safe in the event of 

this total release, and safeguards in general are predicated on what vaay be 

an overly conservative estimate. 

Prior to the initiation in 1957 of experimental programs for 

the determination of fission product release at Oak Ridge National Labor­

atory, it had been necessary for reactor engineers to assume 100^ release 

of the fission products formed in the core. The immediate objective in 

the early stages of this work was to obtain data on the release phenomena 

so as to determine what assumptions of activity release were realistic. 

The program, until now, has therefore concentrated on measuring the 

activity release of relatively low burnup material by slow meltdowns 

(ca. two minutes). 

These exploratory experiments have been performed with alum­

inum Geneva type (dispersion) fuels, APPR type (SS-UO2) fuels, GE-HTRE 

fuels, MTR type (uranium-aluminum) fuel, STR type (uranium-zirconium) fuel, 

and PWR type (U02-zirconium) fuels. 
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The results of these experiments have shown that there is sc»ne 

retention by the melt of fission product gases, which is very strongly 

dependent on the melting temperature, and on the time of heating to melt. 

The variation in total fission product release has been from approximately 

10^ to 95^. 

This first stage of the program is now essentially complete, 

and the second stage, systematic studies of the important parameters, 

will begin on or about September 1, 1959, The future plans are outlined 

in another section of this report. 

In addition to the Oak Ridge National Laboratory studies, the 

following unclassified work has been done and may be of interest. It may 

be noted that in all these experiments the accident postulated is the loss 

of coolant accidentj the nuclear excursion accident has not been 

considered. 

One task concerned fission prodtict release from a uranium-

zirconium PWR type fuel assembly. Of the major constituents, lt2 - ^8% 

of the xenon, and as much as 25^ of the iodine were released. This 

qualitatively agreed with the Oak Ridge National Laboratory studies. 

Field release tests of fission products are currently under . 

stucfy in a separate task. 

Oxidation tests together with simultaneous release of fission 

products using irradiated nattiral uranium fuel material constitute still \ 

ano"ttier task. 

Lastly, pyrometallurgical processing studies are underway at 

Argoime National Laboratory. Because of the lack of experimental data on 

fuel meltdowns, the pyro-processing work at Argonne National Laboratory 

has been followed closely, since the variables which affect fission 
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product release in this process will probably be important in 

catastrophic fuel meltdowns. 

c. Containment. Containment costs are estimated to be about ten 

percent of the total cost of a nuclear power plant so that any increase 

of knowledge, which would justify a significant reduction in safety 

factors, could reduce capital costs, 

Vapor containment shells are emplqyed to assure retention of radio­

active fission products even if "ttiey are released from a power reactor in 

the unlikely event of a maximum credible accident. 

In computing the maximum energy that must be restrained, practice 

varies somewhat, depending upon the type of reactor. However, it is usual 

to combine the following sources: (l) the initial nuclear energy release, 

(2) a possible chemical energy release (such as a metal-water or metal-gas 

reaction in the core), and (3) the thermal and mechanical energy stored in 

the reactor coolant. Under the worst conditions, the reactor vessel 

itself is considered to have been ruptured in some fashion so that the 

coolant spills into the building and the released energy generates a 

pressure on the outer containment shell. An adiabatic transfer of energy 

is frequently assumed but a significant reduction in pressure is possible 

in some cases by considering the transfer of heat to components within the 

building. 

The vapor container itself is designed for the calculated pressure 

according to Section VIII, Unfired Pressure Vessels, of the Boiler Code 

issued by the American Society of Mechanical Engineers. This code limits 

the design stress to roughly one-fourth of the ultimate tensile strength 

of the material. The large safety factor of containment systems arises 
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from the i)essimistic assiarqitions in the postulation of the accident and the 

low design stresses allowed by the Boiler Code. 

As a conservative measure, the design is often made to withstand an 

equivalent amoiint of energy released frcm an explosive since the rapid 

loading from explosives usually does a greater amount of damage. Scale 

models have been built and tested with explosives in some instances in 

order to verify the adequacy of structures. Special blast and missile 

shields are employed on occasion to absorb the explosive energy and 

prevent damage to vulnerable items either from blast or from missiles 

generated in the accident. Concrete lining of vapor shells can be used 

both as radiation shielding and protection against missiles. 

The present technology is deficient, not from the standpoint of 

safety, but in the overdesign that is now necessary due to lack of more 

accurate information on: (1) possible accidents, (2) the loads generated, 

and (3) the response of structures to the loads. 

The total amount of energy release and the variation of the rate of 

release with time represent two major unknowns in the loading phase of 

the containment problem. It is, of course, possible to obtain bracketing 

values as is the present practicej however, more accurate knowledge may 

make it possible to decrease the strength of containment structvires with 

no sacrifice in safety. 

Even if the timewise loading on the reactor pressure vessel were 

known, there is still not a great deal of information on the dynamic 

rupture strength of pressure vessels under rapid loading. Greater 

knowledge in this field would make it possible to predict the njpture 

loads more accvirately and also to ccxnpute the amount of energy dissijjated 

in the rupture. 
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For the majority of incidents, it is doubtful whether shock waves 

will be generated. However, present data are not sufficient to rule out 

the possibility of this type of loading and blast phenomena are studied 

as an xrpper limit. Shock wave theory has made tremendous strides within 

the last fifteen years, due largely to the advent of supersonic flight 

and atomic bombs but it still remains a young science. Improved knowledge 

is needed in shock propagation in various materials and the properties of 

these materials under shock loading. The behavior of some simple 

structures to shock loading can be calculated reasonably well but these 

structxares seldom occur in problems of practical interest and it is there­

fore necessary to resort to experiments, either on models or full scale 

structures. 

Only very small leak rates can be tolerated from containment 

stnictures due to the necessity of preventing the release of excessive 

amounts of radioactivity. These leak rates are so low that their measure­

ment becomes a significant problem both in instrumentation and technique. 

Special precautions are needed in measuring average teraperat\ires since 

they affect leak test results. Improved and less time-consuming 

techniques are needed. Raw data on the permeabilities of different 

building materials are also scarce. 

Statistical information on occurrences of failures, ruptures, and 

other types of accidents is very meager due largely to the suppression 

of such data by embarrassed firms. A full reporting of such incidents 

could be extremely helpful in advancing the state of knowledge but 

acquisition of such information shall probably continue to be 

difficult. 
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It is likely that model testing will continue to be the prime 

source of good data on the probable behavior of a prototype structure. 

Some energy sources are available for generating various pressures as a 

function of time but their development needs to be continued to obtain 

a greater variety. 

Schemes for absorption and dissipation of energy appear to be one 

of the most advantageous means of reducing the cost of containment. Heat 

sinks, crushable mateidals, and absorptive linings need to be studied in 

more detail. 

The following programs have been undertaken to establish a more 

realistic basis for containment design. The work can be roughly sepa­

rated into the following categories: (l) djniamic and static rupture of 

pressure vessels, (2) blast transmission, (3) blast loading of vapor 

containers, (h) mechanics of penetration and fragmentation, (5) earth­

quake loading, (6) leak testing of steel vapor containers, and (7) leak 

testing of conventional building structures. The following work is 

currently underway: 

One task concerns the performance of fundamental experiments on 

the static and dynamic rupture of simple cylindrical shells. 

Earlier studies under this task have been made on (a) the energy 

absorbed in crushing of wood and celotex in a blast shield and (b) the 

behavior of a reactor installation for a postulated release of energy. 

In the latter study, an upper limit on the motion of a reactor shield 

plug has been obtained by assuming that all the energy release was 

converted to air pressure for driving the plug. It is estimated that 
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the actual motion of a plug would be a great deal less due to energy 

absorption by the coolant which was neglected in the siiaplifled theory. 

Another task involves general investigations into the problems of 

blast generation, transmission, and attenuation. Theoretical studies 

have been made of the chemical energy release and the generation of steam 

in a reactor excxirsion. General investigations are being made in blast 

theory which should lead to improved methods of calculation. Theories of 

internal (̂ jmamic loading and yielding of simplified structures are also 

under study. 

Another stutfy concerns internal blast loading on vapor containers. 

Initial studies were made on a sphere because its simple gecmetry made it 

possible to develop a theory for ccanparison with experimental results. 

Tests within the elastic range, for iritiieh the theory was valid, showed 

good agreement, considering the ccsnplexity of the problem. 

There is some discussion on the applicability of model scaling laws 

for structural deformation in the plastic range. Cantilever beams have 

been loaded in the plastic range by blast waves and the evidence indicates 

that the model scaling laws can be used for engineering pTurposes even with 

large permanent deformations. Work has recently been done on loading of 

a sphere in the plastic range. The effect on stresses in the tanks 

jresulting from such siipporting media as water and earth is now being 

studied. 

Fragmentation of material and penetration of steel plates by rods is 

being studied as a separate task. Control rods and similar structures are 

efficient penetration devices when propelled longitudinally since they 

present a large mass behind a small frontal area. Penetration tests were 

initiated for rod velocities tp to 1̂ 00 feet per second vSalch is roughly 
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the raaxiraara velocity expected fran any accident. The metallurgical 

condition of the steel has been found to have a large influence on the 

penetration resistance of •Uie plate even though ultimate strength and 

ductility of the material is otherwise the same. Energy sources are being 

developed from explosives and pyrotechnics for use in testing small models 

where various pressure-time loadings ai^ needed. 

The difficulties arising from the earthquake loading of reactors 

have been studied as still another task. 

Some work has been done on methods for calculating the vapor 

pressttre inside a containment shell due to the adiabatic release of 

pressurized water. Tables and charts have been prepared. 

Work is underway to investigate the permeability of building walls, 

panels, and construction materials. This task will also concern the study 

of methods for leak testing of industrial buildings, 

A preliminary st\idy of underground containment has been made hy -tdie 

Division of Construction and Supply of the Atomic Energy Ccaranission, The 

costs are estimated to be 3% to 1% higher -fean the total cost for a plant 

constructed above ground with conventional steel vapor shell containment. 
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V 

FY 19SO-FY1959 



V. CIVILIAH POWER REACTOR FBOGBAM COSTS 

Charts have been prepared to show the total cost, trends azid enpfaasis 

of research, development' and construction for the Civilian Power Program 

for the period Fr-1950 through Fr-1959. These totals show the actual 

dollars spent Ixx each project activity and ttxe total dollars spent in 

nuclear technology. However, there is one very iaportant feature which 

cannot be expressed in such a specific cost presentation^ i.e., the bene^ 

fits derived from one activity (>diere tto costs are charged) are appliodale 

to ot^er activities. For exanqple, the core material zirconium was developed 

and charged largely in the Naval Reactors Program. To a lesser degree, 

there were zirconium devel(}pment costs ln%e general nuclear technology 

program and -t̂ e pressurized water Shippingport Atomic Power Station costs. 

The Boiling Water Reactor program^ sodium-graphite reactor program and any 

other reactor concept utilizing zirconium have benefited significantly and 

directly from -Uiese successful zirconium development programs without cost. 

The same is true of other materials and oonqponents throughout the Commission's 

total program such as UO2, sodium technology, coii?>onents, instrumentaticm, etc. 

Cost reports on Nuclear Technology programs were reviewed back through 

FT 1950 to accumulate costs expended solely for civilian power reactor 

development. It was not always clearly indicated just Tdiat activity was 

the primary benefactor from a general development program. In those areas 

such as hot cells where they were btdlt for joint use of the military 

programs and civilian programs^ the costs were not included* 

Another large cost ar>ea that has not been included in this report are the 

costs of building the MTR and ETR and CPP* A^y costs of irradiation services 

and fuel processing directly chaz^eable to a civilian power reactor &re included. 
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No cost totals are included in this report showing the investment of 

private Industry in non-operative arrangements or nuclear development 

programs. 

Figure 32 shows annual costs and the relative expenditure growth of 

the Atomic Energy Commission's research, development and construction pro-

gi'am coupled with the Co-operative Arrangements program in which industry 

costs on specific power reactor projects are included. (See legend for 

total.) This figure includes the division between research and develop­

ment expense and capital (constmction) costs. 

Figure 33 shows the same annual totals as are shown in Figure 32, 

however, they are broken down by ihe cost of AEC Nuclear Technology, AEC 

Experimental Program, AEC Go-operative Arrangements Cost and Industry 

Co-operative Arrangements Cost. This figure shews the gradual shift in 

enphasis to the Co-operative Arrangements program. The legend e3q)lanation 

for Figure 33 is as follows: 

AEC Experimental Projects Costs include all direct design, research, 

development and capital costs expenditures for Civilian Power Reactors and 

support facilities within the following project activities: 

1, Pressurized Water 

2, Boiling Water 

3, Homogeneous 

h» Fused Salt 
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^. Liquid Metal Fuel 

6. Fast Breeder 

7. Sodium Graphite 

8. Organic Cooled and Moderated 

9. Plutonium Becycle 

10. Heavy Water 

11. Gas Cooled 

Contributions and/or investments by private organizations also 

included in these totals are, as follows: 

Atomics International - SBB $ 2.80 million 

Atomics International - OlffiE .75 million 

Westingho\xse Electric - Shippingport .50 million 

Buquesne Power - Shippingport I7.5O mlHicaa 

Total $21.55 millloa 

AEC Haclear ̂ chndlogy Costs include all general design, research, 

develcjpnent and capital cost ê qpenditures carried out in support of all 

civilian power reactor projects and those leading to the establishment 

of a new power reactor piraject. The various categories include Physics, 

Coolants, Heat Transfer, Iiastrumentaticm and Control, Siield Develop­

ment, Manuals and Data Books, factor Safety, Fuels and other core 

materials. Separations Systems and Waste Systems. 

Any cost associated with the Materials Testing Beactor (MTE), 

Engineering Test Reactor (ETR) or the Chemical Processing Plant (CPP) 

at the Hiaticsnal Bsactor Testing Station have not been included. It 

is recognized the Civilian Pcnrer Iteactor program and industry benefit 

frcm these facilities; however, the prime justification and users of 
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these facilities are the military reactor programs. Similarly, any 

other smaller facility, such as hot cells, that was not built exclu­

sively for civilian use has not been included. 

AEC Co-opeiative Arrangements Costs include the direct research, 

develcypment and construction costs, as appropriate, for the following 

Co-operative Arrangeioents: 

Yankee Atomic Electric R&D only 

Enrico Fermi ESeD only 

Consumers Public Power R&D and construction 

Rural Co-operative Power 
Association R&D and construction 

City of Pigua, Ohio R8sD and construction 

Chugacdi Electric Association R&D only 

Northern States R&D only 

Carolinas-Virginia NPG R&D only 

Florida HPG's R&D only 

There were no costs reported through FY 1959 caa the Philadelphia 

Electric arrangement. Not included in the totals shcJwn was any waiver 

of fuel use or heavy water xise charge. 

Industry Co-operative Arrangements Costs include all research, 

develqpaent and construction costs through FT 1959 reported by the 

private organizations under contracts with AEC in the Co-operative 

Arrangements program: 

Yankee Atonic Electric R&D and construction 

Enrico Feimi R&D and construction 

CcsnsTimers Public Power Constructicsn only 
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Rural Co-operative Power 
Association Construction only 

Chugach ElectirLc Association (BDA) R&D only 

Northern States R&D and construction 

City of Piqua, Ohio No costs reported through 

6/30/59 

Carollnas-Virginia NPG R&D only 

Florida NFG's R&D only 

Philadelphia Electric No costs reported through 
6/30/59 

Figure 34 shows the cumulative costs of research, develo|mient and 

construction for each major activity in the Civilian Power Beactor pro­

gram. This chart shows where the emphasis of the Commission's program 

has been placed between FY 1950 and FY 1959-

The costs related to each reactor classification Is shown In 

Figure 35. 

\ 

\ 
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MILLIONS OF DOLLARS 
250 

CIVILIAN POWER REACTOR PROGRAM 
RESEARCH-DEVELOPMENT and CONSTRUCTION 

ANNUAL COSTS 

CUMULATIVE 

Research & Development 507.1 I 

Construction 160.7 |55<5d 

TOTAL 667.8 Million 

INDUSTRY EXPENSE 
INCLUDED IN THE ABOVE 

Res. & Dev. 20.9 

Construction 61.3 82.2 

TOTAL GOVT EXP. 585.6 

11.2 11.6 

69.5 

125.7 

201.8 

132.4 

1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 
FISCAL YEAR 

SEPT. 1, 1 

FIG. 



CIVILIAN POWER REACTOR PROGRAM 
RESEARCH-DEVELOPMENT and CONSTRUCTION 

ANNUAL COST - SUB PROGRAM 
MILLIONS OF DOLLARS 
250 

100 -

AEC NUCLEAR TECHNOLOGY COSTS 

AEC EXPERIMENTAL PROJECTS COST 

AEC COOPERATIVE ARRANGEMENTS COSTS 

INDUSTRY COOPERATIVE ARRANGEMENTS COSTS 
201.8 

43.5 

11.2 11.6 

J L 

1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 
FISCAL YEAR 

SEPT. 1. 1959 FIG. 33 



MILLIONS OF DOLLARS 
250 

CIVILIAN POWER REACTOR 
RESEARCH & DEVELOPMENT & CONSTRUCTION 

CUMULATIVE COST BY ACTIVITY 

FY 1950 - FY 1959 

SEPT. 1, 1959 FIG. 34 



CIVILIAN POWER REACTOR 
RESEARCH & DEVELOPMENT & CONSTRUCTION 

CUMMULATIVE COST FOR EACH REACTOR CLASSIFICATION 
FY 1950 through FY 1959 

THERMAL CONVERTER REACTOR • Program Objectives Nos. 1 & 2 • TOTAL $284 MILLION 

PRESSURIZED WATER 

SODIUM GRAPHITE 

BOILING WATER ••• 

ORGANIC COOLED 

GAS COOLED (Enriched)' 

172.3 

46.7 

36.7 

17.1 

PROGRAM OBJECTIVES 

1. ACHIEVEMENT OF NUCLEAR 
POWER GENERATION COSTS 
OF 7.51 MILLS PER KWH IN 
THE U.S.A. BY 19M. 

2. ACHIEVEMENT OF NUCLEAR 
POWER GENERATION COSTS 
OF 6.S7 MILLS PER KWH IN 
THE U.S.A. BY I»75, 

11.2 

BREEDER REACTORS - Program Objectives Nos. 2 & 3 - TOTAL $175 MILLION 

FAST BREEDER 

THERMAL BREEDERS AQUEOUS 

88.3 

86.2 

OBJECTIVE NO. 2 AS ABOVE. 

3. BREEDING RATIO GREATER 
THAN UNITY AND A REASON­
ABLE DOUBLING TIME. 

NATURAL URANIUM/RECYCLE REACTORS • Program Objectives Nos. 2 & 4 • TOTAL $32 MILLION 

PLUTONIUM RECYCLE TEST REACTOR-

HEAVY WATER COMPONENT 
TEST REACTOR 

HEAVY WATER MODERATED 
SODIUM COOLED (Prototype) 

HEAVY WATER MODERATED AND 
COOLED PROTOTYPE (Enriched) ' 

HEAVY WATER MODERATED GAS 
COOLED PROTOTYPE (Enriched) ' 

17.6 

8.2 

3.9 

1.6 

,9 

OBJECTIVE NO. 2 AS ABOVE. 

4. OPERATE INDEPENDENT OF 
A CONTINUOUS FEED OF EN­
RICHED FUEL. LOW POWER 
GENERATION COSTS AND AS­
SIST FRIENDLY FOREIGN NA­
TIONS WHO WISH TO BE INDE­
PENDENT FROM THIS COUN­
TRY FOR AN ENRICHED FUEL 
SUPPLY. 

ADVANCED DESIGN • TOTAL 
$2.0 MILLION 

NUCLEAR TECHNOLOGY • TOTAL 
$175 MILLION 

SEPT. 1, 1959 

FIG. 35 
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APPENDIX I 

Bie oi'ganizations and the key personnel who prepared the detailed technical 

status reports on which this summary was based are listed below: 

Oi^anization 

GNEC (Combustion Engr) 

APDA 

A.I. 

A.I. 

Westinghouse 

OHNL 

ORNL 

du Pont 

Name 

John M. West 
Frank Bevilacqua 

A. Amorosi 
John Tevick 

Robert.Dickinson 
Ray Beeley 

William Parkins 
Robert Wilson 

W. E. Shoupp 
Ted Stem 

Robert Charpie 

BeeCher Briggs 

Dale Babcock 

Report Area 

Boiling Water 

Fast Breeder 

Sodium-Graphite 

Organic 

Pressurized Water 

Gas Reactor 

A. H. R. 

D2O Reactor 

The above personnel were ably assisted by many capable members of their own 

organization. Some of the information contained in the reports was supplied 

by other organizations, such as ANL, Alco, the Hartin Conpany, Babcock and 

Wilcox, Allis Chalmers, Nuclear Development Cozporation of America, Sargent 

and Lun(^, A£CL, Los Alamos Scientific Laboratory, General Atomics, UMEA. 

In addition to the above personnel, many members of the office of Civilian 

Power and Nuclear Technology provided valuable data and assistance for this 

report. 
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APPENDIX n 

Cost Backup Material (Summary) 

The nuclear cost data on whidi the conres in this report are 

based is divided into three categories. These are cstpital cost, fuel 

cycle cost and operation and maintenance cost. The cost breakdown, 

the system design parameters, and rationale for these costs are included 

in report SL-I67U. The cost breakdcwn and performance data for ihe 

coal-fired fuel plants are included in SL-156U* The information included 

in the following paragraphs is a brief summary of the ground roles and 

the basis for the cost calculations. 

I. Capital Cost (Nuclear Plants) 

To maintain as much consistency as possible, Sargent and 

LuBC^ utilized the following basic assun;}tions in determining capital 

C08tS| 

1. The design parameters were based on current technology. 

2. Uniform costs were used throughout, with appropriate 

differences for size, for those coraponents of the power plants that 

had -the same design specifications, such as turbine-generators, con-

draasers, heat exchangers, buildings and structures, etc, 

3. Provision for service and auxiliary facilities wei^ 

made on a common basis between reactor concepts* 

km Uniform construction periods for each r«actor size were 

establiahed for the determination of interest cost during construction, 

and 

5« Cost estimates for all reactor types were prepared with 
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the same estimating practices. 

Basic flow diagrams and general arrangement drawings were 

prepared for each reactor type, based on data in the status reports.̂  

Estimates were made based on this data, using Sargent and Lundy's 

normal estimating practices and using unifom costs, where applicable, 

in the different i^actor type cost estimates. The assuijption and 

indirects used in determining the cost are as follows: 

Indirect cost percentages (based on 325 MME plant) 

General and administrative expenses 12.5^ of direct cost 

Engineering, design and inspection llt,6̂  of direct cost 
plus G & A 

Startup cost based on hi months of 
operating cost 

Contingencies 10^ of direct and 

indirect 

•Interest during construction 8,1^ of total cost 

•Based on 6% simple interest rate on money and an estimated 

expenditure curve over the 36 months' construction period. 

The capital cost portion of all power cost estimates were based 

on lli/5 annual fixed charges and Q0% capacity factor, 

n . Fuel Cycle Cost (Naclear Plants) 

Fuel cycle cost estimates were made for three different 

core sizes for each reactor type with the exception of the gas reactor 

where sufficient information was not available to ;justi£y an attempt to 

show cost over the size range. 

The con^onent parts included in the fuel cycle costs are as 

follows: 
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1. Purchase of fuel assemblies and control eloKats, 

Ineludlag spares* ^ e purchase pirice covers the cost of tke ifollew-

Img: 

a. Conversion of the starting source and fissionable 

material (enriched UF5, dei^eted UFg, some fozm of natural uranium, 

1̂ 0Il̂ lm, U-233 or plutonium) into -ttie desired ch«d.cal, jdayslcal and 

metallurgical fom. 

b. Fabricati(m of the material into the piroper size 

and shape. 

c» Cladding, sheathing, or otherwise housing fuel 

coioponents, providing hardware and fittings, assembling parts into 

units ready for loading into the reactor. 

d. Qiiality control analyses, inspection, handliiig 

and shipping between various points in fUel processing steps. 

e. Material losses, cost of scrap recovery and rework. 

f. Use charge for fissionable material during fab­

rication. 

g. Purchase of the source material, if natural 

uranium, depleted xiranium or thorium is used. 

2. Payment for bumt;^ of leased fissionable mslterial. 

3. Payment of the k'f) per year use charge for special 

nuclear material. 

h. Payment of shipping charges for transporting irradiated 

fuel from reactor site to chemical reprocessing plant* 

3. Payment for reprocessing and chemical conversion which 

Is regul3:ed to convert irradiated fuel to decontaminated and pure forms 

of UF5, plutonium metal, tiranyl nitrate solution of U-233> Bxudi thoritua 
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nitrate solution (if thorLtra is to be recovered). 

6. The above charges are reduced by the credit received 

for t̂ e net aiaount of plutonium or U-233 produced la the nuclear material 

and delivered to the reprocessing plant. 

7. The working capital necessary to keep -Uie fuel cycle 

qperating. The cost of working capital was assumed to be 6^ of the 

amount of money in working capital. 

The average fuel bumu^ and fabrlcatl<»i costs used are as 

listed in Table 1, following. 

Table 1 

Type 

BWR 

PWR 

COB 

SCR 

FBR 

FKR 

DgO 

GOB 

Fuel 

UO2 

UO2 

U-3| w/o Mo-
0.1 Al 

U-10 w/o Mo 

U-aX) w/o Mo 

Depleted 
U-2.75 w/o 
Mb (Blanket) 

(Nat) U-Zr 

(Nat) U 

Cladd 

Zr 

SS 

Al 

SS 

Zr il/6" 
Pins) 

SS 

Zr 

Magnoz 

Average Exposure 
(MWD/MT) 

11,000 

13,000 

,̂500 

3,000 

15,900 

• " • " • • 

3,850 

3,000 

Fab. Cost 
$/kgU 

ll|0 

110 

60 

80 - 110 
(function of rod size) 

km 

k5 

50 

50 

The fixed cost data for the fuel cycle is as follows: 

1. Reprocessing cost based on $15,300/day (8+ MT of U). 

2. AEC schedule for UF6 cost. 

3. Shipping cost (iiradlated fuel) = 12.^5 $/kg. 

k. Conversion of Ulf03 to UF6 = 5*60 $/kg. 
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5. Conversion of PUNO3 to Pu metal - 1.^0 $/gm. 

6. B^yback of Pa (credit) - 12 $/gm. 

The Inventory cycle was calculated for each reactor type. The 

use charge was based on fuel inventory not the fuel loading. The de-

tedled fuel cycle costs are Included in report SLr-l£l[h» 

III. Operation, tJBdntenance and Insurance Cost (Nuclear Plants) 

A. Operation and Maintenance. Estimates of operatl<m 

and maintenance cost were prepared for a 75, 200 and 300 IfiJE size for 

each reactor tjrpe. The estimates were based on information available 

from Shlpplngport, Yankee, Indian Point, Enrico Fermi, and Dresden, and 

an analysis of the operation refoireoimts for the various reactor types. 

The ground iniles used In establishing opeiratlon saidi. maintenance costs were 

as follows: 

1. At this stage of development, operating and 

maintenance cost for nuclear plants will be hl^ier than convoational 

plants of corresponding net kHowatt capacity. This is due essentially 

to -^e iradiological and biological aspects of nuclear plants with l^elr 

attendant safety problems together with lack of any extended operating 

escperioace on i^ich to base Judgment to achieve operating economies. 

2. In considering the items making vs^ the total cost 

per KMH of a naclear plant viz, plant Investment charges, fuel costs, and 

opeirating and maintenance costs, the latter itai of operating and main-

totance represents a relatively small proportion of the total cost, being 

in the order of 10^* OMs cost relationship n^rits a somê daat simplified 

approach in noimalizing operating and mEdntenance costs. 

3* Operating and maintenance costs were broken down 

into: 
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a. S^^rvlslon and eaglneerlng labor. 

b. Stati^i labor. 

c* Fringe benefits, applicable to payroll. 

d. Operating supplies, mainteaance materials, 

and services. 

e. Extraordlnaxy items. These are items 

applicable to a particular type of reactor 

such as the makeup of heavy water in a 

D2O moderated reactor, organic liquid in 

an organic cooled reactor plant, helitim in 

a gas cooled reactor or special maintenance 

and operating techniques associated with 

radioactive sodium and other liquids. 

B. Insurance Cost (Nuclear Plants). Insurance costs for 

nuclear plants are substantially higher than for conventional plants. 

This is due essentially to lack of Insurance experience and the liability 

potential, both on site and off site, to property, personnel and the 

general public resulting trcm a nuclear incident which conceivably woTild 

release radioactive contaminates. The insurance coverage falls into 

three categories: 

1. An all risk nuclear property insurance for lAilch 

the rate is in the order of 35^ per $100 of insurance coverage. 

2, Nuclear liability insurance for which an insurance 

pool of $60,000,000 has been set up by mutually owned and stock holder 

owned insurance companies. The resictor owner is required t© take out 

$150,000 per megawatt of thermal capacity of this type of insurance 
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coverage before the plant is eligible for government indemnity insurance. 

The maximum awnint of insurance coverage Is $60,000,000 at an annual 

premium of $260,000. The irates for this nuclear liability or so-called 

third party Insurance are as follows: 

Amount Rate/MUllon Annual Premltai 

$2}0,000 

ao,ooo 
kO,QO0 
to, 000 
i|0,000 
20,000 

First $1,000,000 
Next it,000,000 
Next 5,000,000 
Next 10,000,000 
Next 20,000,000 
Next 20,000,000 

$to,ooo 
20,000 
8,000 
^,000 
2,000 
1,000 

$60,000,000 $260,000 

3. Government indeoKlty insurance at the rate of $30 

per MV thermal wl-Oi a waxlmnm coverage of $500,000,000. Tbe details of 

the «|̂ eratlon and maintenance and insurance cost Is Included in report 

SL-1671*-. 

I?. Cotl-fired Plant Costs 

The coal-fiired plant cost data Included in this report was 

based on the following data: 

Plant Slze-MHS net 

Pressure - psig 

TesQ). ]^tlal/Beheat - F 

Back Pressure - HgA 

Heat Bate-ETU/KNH 

Capital Cost $/KWE(net) 

Power Geneiution Cost @ .7 IF. 

Fixed Charges @ lk% 

FaW. C©st-35^/l0^BTU 

0 & M Cost 

-.216" 

25 

850 

900 

1.5 

11980 

2.96 

LF. 

6.76 

^ .̂19 

1.19 

60 

1250 

950 

1.5 

11066 

2*21 

5*0Î  

3.87 

.86 

100 

1450 

1000/1000 

1.5 

10063 

1*99 

^.51* 

3.52 

.76 

200 

2000 

1050/1000 

1.5 

9550 

1*78 

^.08 

3.3^ 

.58 

325 

2000 

105O; 

1.5 

9l̂ 71 

1.66 

3.78 

3.31 

,k2 



/ 

Total Power Generation Cost IS/KM 

® 35^/10^ BTU 12*1̂ !- 9.77 8.82 8.00 7.5I 

@ 25^/10^ BTU 10.9^ 8.67 7.82 7.05 6.57 

The details of the coal-fired plant cost are included in 

report SLf-156it̂ . 

x^ 

/ 
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APPENDIX III 

Explanation of Teras Used in Befinltlan of dbjectlves 

The explanaticnt of terns and the reasoning behind the selection 

of srpeclflc numbers and dates used with the objectives are listed 

below: 

Eq]Blvalent station desiga basis Is to be Interpreted as 

(l) the same gross electrical output, since a maelear plant may 

require a different amount of auxiliary power than a fossil fueled 

plant; (2) the saae site characteristics (not necessarily the sane 

acreage), i.e., soil conditi^as, cooling water temperature and 

transportation! (3) fossil fueled plant to h&re nomtal, modem 

turbine conditions, i.e., not to exceed 2000 psla 1050^F/lOOOOF 

reheat; (6) turbines to be rated at fleae exha;ust pressure (1^" Eg A). 

H ^ energy cost area Is a relative stateoi^&t; however, it is 

necessary to arbitrarily select a specific figure in order to compare 

the technological developBent of nuclear plants against a sipeciflc 

goal. There are areas in this country i&ere t&e fuel cost easceeds 

35 cents/million BTU's; bo^erer, this fuel cost was aAltrarily se­

lected as a minimum h i ^ fuel cost area. 

The specific power g«&emticn& cost for fossil fueled plants 

to be used as a target for iOie I968 objective is a 325,000 KNE net 

(3^,150 KKE gross) plant rated at 2000 psia 105O®F/lOOO®F r^eat at 

1^" Hg Abs. The capital cost (single unlt/sta±itm) Is $166/KRS Ret 

or 3.78 J^EHH, fuel cost (35 cents/million BTU'f bt 3*31 l^KHE, 

operaticm and maintenance cost of .^ l0QfE. Total p&mr cost Is 

7.51 l^Net KHE based on 1959 cost. No egeal&ti<m is included. 
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It is assumed that proper escalation and cost increases will be added 

to the plants (nuclear and fossil f^led) for the dates on i&ich the 

comparison is to be made. Cost projectitms are discxiss^ in Appendix II. 

^ e target date of 1968 is an arbitrary date based on the 

best opparaat compromise between cuzremt status &t nuclear technology, 

a reasonable budget estimate and a strong desire to achieve coapeti-

tlve nuclear power at the earliest date. 

The budget limit (dollars available) will Influence the 

nuaiber of reactor types to be pursued for each program objective, 

^wever, the earliest date at ̂ Ĝ idch a reactor type may become 

econsuically c<^^etltlve is limited by the status of the technology 

and the construction time. For exa2Q>le, increasing the budget by a 

factor of two would, not reduce the time required to develop a concept 

to maturity by a similar amount. This is especially true of those 

concepts coopeting for ec^iomic power by I968. 

A low energy cost area was arbitrarily selected as 25 

cents/mllll^a BTU's, based oa the saae plant conditions as described 

under h i ^ aaergy cost areas. The power generation cost for a plant 

installed in this area wotiM be 6.57 M/Net/lOffi (based on 1959 cost). 

A nuclear plant that could, provide power at 6*57 M/let/KHE would be 

competitive in all but the extr^ie low c®st areas in the U.S. The 

target date of I975 for a niaclear plant that could compete in low 

energy cost was arbitrarily based on two ganeraticms of plants (3| 

years eonstructicm time each) after the first objective (I968) was 

realized. 

The development of breeder reactors, recycle reactors and 

natural uranium bwming reactors has been set as a fundamental pro­

gram objective. This is dxte to the uncertainties in future fuel 
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reserves, national emergencies and the desire to maintain world 

leaderdiilp in the development of nuclear power for civilian application. 

The most promising thermal ctmverter concepts will be picked 

for future developo^it. More than one cc»cept should be developed so 

that at least one backi^ reactor type will be Available in case the 

potential of the most promising concept fails to materialize. It 

may also be impossible to accurately determine the one concept wit^ 

the most potoitial at this status of the technology. There Is no 

reason, however, to cc»tlnue the development of those concepts com­

peting for the same objective that cU> not show the same degree of 

long-range potential. 

A lower size limit of 25,000 KHE was set for evaluating 

thezMal coaveirter type reactor plants, so that the comparison could 

be made between fossil fueled, steam turbine type plants and nuclear 

plants. Below this range Ute nuclear plant would, also have to coa^ete 

with the diesel plant, internal combustion plants and other types of 

prime mcTvers* 
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