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FOREWORD 

In implementing the civilian nuclear po-wer research and development 

program^ specific fast breeder reactor concepts using alternate coolants 

(other than sodium) have been assessed in detail. This report, "An 

Evaluation of Alternate Coolant Fast Breeder Reactors," was prepared by 

the Alternate Coolant Task Force under the direction of the Division of 

Reactor Development and Technology, U.S. Atomic Energy Commission, and 

is part of an overall assessment of the Civilian Nuclear Power Program 

being made in response to a request in 1966 by the Joint Committee on 

Atomic Energy. As outlined in the 1967 Supplement to the 1962 Report to 

the President on Civilian Nuclear Power, changes since 1962 in the tech

nical, economic, and resources picture have necessitated further study 

of the AEC program. This report evaluates two types of reactors and pro

vides a basis for their consideration in the assessment of the overall 

program of the USAEC. 

The overall assessment will include consideration of the technical 

status and economic potential of advanced converters and breeders, the 

role of thorium, various reactor fuel cycles, and a system analysis of 

the future nuclear-electric power complex. Although all phases of the 

assessment effort are based on one set of ground rules to achieve a common 

basis for comparison, it is inevitable that when the reports are published, 

many changes now taking place will not be reflected. The differences will 

be due to efforts to consolidate and strengthen the reactor development 

programs and to the rapid expansion of the nuclear power industry. These 

matters are discussed in more detail in the 1967 Supplement to the 1962 

Report to the President on Civilian Nuclear Power. 

This evaluation was conducted by the Alternate Coolant Task Force, 

whose members include representatives of Babcock & Wilcox, Gulf General 

Atomic, General Electric, Westinghouse, Oak Ridge National Laboratory, 

Argonne National Laboratory, Pacific Northwest Laboratory, Los Alamos 

Scientific Laboratory, and the Division of Reactor Development and Tech

nology of the U.S. Atomic Energy Commission. 
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The advantages and disadvantages of using sodium, steam, and helium, 

as reviewed early in 1966, are as follows; 

Advantages 

Sodium 

Inherent emergency and postaccident cooling of fuel 
Low pressure, 100 psi 
Potentially high breeding ratio 
Extensive sodium reactor experience (l5 years) 
Low pumping power 
Lowest fuel cladding temperature 
Potential vented fuel 
Highest heat transport properties 

Steam 

Direct cycle 
Visible refueling maintenance 
Minimum chemical reactions 
Industrial capability available for components 
Fluidity at room temperature 

Helium 

No intermediate loop 
Potential high breeding ratio 
Visible refueling maintenance 
Minimal void coefficient 
Most compatible with materials 
Potential vented fuel 
Utilization of thermal GCR technology 
Fluidity at room temperature 

Disadvantages 

Sodium 

Void coefficient 
Secondary loop required 
Chemical reactions with air ajid water 
Nonvisible refueling 
Maintenance difficult and time consuming on primary system because 
of induced radioactivity 
Extensive component development required 
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^^Steam 

High pressure (1200 to 3700 psi) 
Lack of fast breeder reactor technology 
High pumping power 
Emergency and postaccident cooling provisions not established 
Low breeding ratio 
Unproven high power density 
Radiolytic decomposition 
Stress corrosion 
Fission product carryover to turbine 
Unfavorable coolant reactivity coefficient 

Helium 

High pressure (1250 to 1750 psi) 
Lack of fast breeder reactor technology 
High pumping power 
Emergency and postaccident cooling provisions not established 
Unproven high power density 
Gas leakage difficult to control 
High cladding temperature 
Extensive component development required 

Both alternate coolant concepts have been evaluated. Specifically, 

four reactor designs were considered: three cooled by steam at 1250, 

2650, and 3700 psî  and the fourth cooled by helium. These reactors, it 

is believed, adequately represent the class of alternate coolant fast 

breeders for the purpose of system analysis studies. The main objective 

of this evaluation was to weigh the relative value of the various alter

nate coolant fast breeders, one against the other, from the standpoint 

of technical feasibility, economic potential, and fuel utilization per

formance in the overal.1 U.S. power economy. 

The conclusions arrived at in this report were based on detailed 

technical and economic evaluations made by the Oak Ridge National Labora

tory working group, and on designs and information generously provided 

by the Karlsruhe Nuclear Research Center, Babcock & Wilcox, and Gulf 

General Atomic. The detailed evaluations of these designs are described 

in two reports: WASH 1088, "An Evaluation of Steam-Cooled Fast Breeder Re

actors" and WASH 1089, "An Evaluation of Gas-Cooled Fast Breeder Reactors." 

The procedure in the preparation of the material contained in this 

^^report was the following: 
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1. review of the two reports (WASH 1088 and WASH 1089) by the task force 

members and the Division of Reactor Development Staff; 

2. review of results from analyses of specific alternate coolant reac

tor combinations completed by the Systems Analysis Task Force cover

ing the relative economic and fuel utilization performance; 

3. preparation of a draft report by the ORNL working group, followed by 

an extensive review by the task force; 

4. preparation of conclusions by the task force and final approval of 

the report; 

5. review of the final report by the Commission. 

Finally, before publishing, the report was reviewed by selected 

representatives of reactor industry, national laboratories, and the U.S. 

Atomic Energy Commission. There has been general acceptance of the con

tent, and all comments received have been considered in the final version 

of the report. 

As discussed in the 1967 Supplement to the 1962 Report to the Presi

dent on Civilian Nuclear Power, a large effort has been required to de

velop the light water reactors — starting with naval reactors, followed 

by the early civiliem power experiments and demonstrations -which culmi

nated in major engineering efforts to construct large central station 

plants. The widespread acceptance of the light water reactor is an estab

lished fact. The large industrial commitments and improvements in tech

nology should result in further improvements in performance. These fac

tors will make difficult the introduction in the United States of any 

new system, even though a potential economic gain is indicated. Further, 

the continued improvement in the industrial posture of the light water 

reactors, plus the urgent need to introduce breeder reactors at the earliest 

date possible* will make the successful introduction of alternate coolant 

fast breeders more difficult. The possible future role of such reactors 

in the U.S. nuclear power economy is, therefore, not yet clear. 

If the overall assessment of the civilian nuclear power research and 

development program should indicate that a specific alternate coolant 

fast breeder reactor concept appears to have an attractive economic poten

tial, such a conclusion could provide a basis for further development. 
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^•The basis for development, however, would depend upon additional factors 

such as the interest of U.S. utilities in alternate coolant fast breeder 

reactors, the availability of funds over and above those necessary to 

meet the present heavy commitment to develop the LMFBR as soon as pos

sible, and the ability of the U.S. government, industry, and utilities 

to support parallel reactor development efforts. 

The alternate coolant fast breeder designs evaluated in this report 

are based on information provided by the proponents of the systems and, 

therefore, generally reflect their viewpoint. It is recognized that the 

inclusion of membership on the task force from industrial organizations 

engaged in the design of alternate coolant fast breeders has resulted in 

a report that reflects their enthusiasm. This report presents an evalua

tion of alternate coolant fast reactor technology that the proponents of 

these systems believe can be achieved. 

Milton Shaw, Director 
Division of Reactor Development and 
Technology 
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1. INTRODUCTION 

1.1 Background Information 

Most of the development work of fast breeder reactors has been based 

on the use of liquid metal cooling, but in the early 1960's some interest 

was expressed in the use of other coolants as a means of alleviating some 

of the problems associated with liquid metals.•'• Numerous coolants were 

considered; however, most were eliminated either by chemical or metallur

gical evaluations (air, hydrogen, carbon monoxide) or heat transfer con

siderations (neon, argon). In addition to relatively poor heat transfer, 

argon also has problems of neutron activation, and neon is veiy expensive. 

Nitrogen has a high neutron-absorption cross section and might cause ni-

triding at high temperatures. Supercritical SO2 cooling has been studied 

at the Oak Ridge National Laboratory^ and appears to be feasible; how

ever, experience with this system at the required operating conditions is 

very limited. Thus, the list of alternate coolants of interest for fast 

breeder reactors was reduced to carbon dioxide, heliiim, and steam. Al

though from purely thermal and cost standpoints there appears to be little 

choice between CO2 and helium, CO2 cooling leads to higher core pressure 

drops, higher fuel ratings, and greater potential for flow-induced vibra

tions. Thus, present designs of alternate-coolant fast breeder reactors 

are based on the use of helium or steam cooling. 

1.1.1 Steam-Cooled Breeder Reactors 

There is interest in the development of steam-cooled fast breeder 

reactors because of the possibility that breeding ratios comparable with 

those of liquid-metal-cooled fast breeder reactors (LMFBR) can be obtained 

with a system utilizing the large backgro-und of light water reactor tech

nology and utility experience with steam systems. The steam cooling tech

nology is simpler than that for sodium; and, since steam cooled reactors 

operate on a direct cycle, primary heat exchangers are not required, and 

a simpler steam supply system results. Additional incentives include the 

elimination of chemical reactions with the coolant, the possibility of 

flooding the reactor with a transparent medium (water) during refueling or 
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maintenance operations, and the possibility of using water spray systems 

for emergency cooling. 

Disadvantages of the steam cooled fast breeder reactors include the 

high operating pressure and high velocity flow of the coolant, the reduc

tion in breeding ratio due to the relatively soft neutron spectrum, and 

safety problems arising from the possibility of loss-of-coolant (depres-

surization) accidents. 

Steam-cooled fast breeder reactors have been studied in varying de

grees of depth since 1961. At least four groups in the United States 

have studied the concept, and studies have also been made in Germany by 

the Karlsruhe Nuclear Research Center, Institute of Reactor Development; 

in Sweden by A. B. Atomenergi; and by the Euratom-Belgiimi Fast Reactor 

Association. 

The study reported in 1965 by the Babcock &. Wilcox Company jointly 

with American Electric Power Service Corporation-̂  was based on use of 

supercritical steam as a coolant and, although the concept appeared to 

be economically competitive, the breeding ratio was only about 1.03. It 

was concluded that the concept was not consistent with the objectives of 

the AEC breeder reactor program but that it did fulfill the requirements 

for an advanced converter. The low breeding ratios found in this study, 

and the conviction that the core could be cooled with low-pressure steam, 

led the Babcock &. Wilcox Company to propose in a paper'̂  presented at the 

Argonne National Laboratory in October 1965 that a lower steam pressure 

would result in a higher breeding ratio. Their paper indicated that, with 

a steam pressure of 1200 psi, it would be possible to attain an overall 

breeding ratio of about 1.40. They had not developed a complete design 

based on the parameters of the lower pressure steam-cooled reactor, so 

in 1966 and 1967, under contract to the Oak Ridge National Laboratory, 

Babcock &. Wilcox Company and Sargent &. Lundy Engineers developed a more 

complete design study of the low pressure concept for use by the Alter

nate Coolant Task Force in the evaluation of steam-cooled breeder reac

tors. ̂ '̂  A rather complete study by the Karlsruhe group'̂  was published 

in August 1966 based on the use of steam at a pressure of approximately 

2650 psia. The German study showed a breeding ratio of about 1.15 and 

a doubling time of about 37 years. Thus, considerations of the range of 
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steam pressures from 1250 to 3700 psia was available to the task force 

in three design studies. The Oak Ridge National Laboratory attenrpted 

to normalize design parameters of these three studies sufficiently to 

evaluate the potential of steam cooling for fast breeder reactors, and 

to obtain some imderstanding of the economics, physics, safety, unsolved 

problems, and the effect of steam pressure on the concept. As a supple

ment to this evaluation, the Pacific Northwest Laboratory was asked to 

perform a parametric study of reactor design over the range of steam 

conditions of current interest. The results of this study are reported 

in Ref. 8. 

The use of hea-vy water steam in the steam-cooled fast reactor has 

not been evaluated in this study because no design concepts are avail

able. Some work has been done in Sweden and other places in the study 

of the physics of fast reactor cores cooled by heavy water steam, and it 

is possible that the lower absorption cross section and the slightly im

proved neutron spectrum could give that concept some advantage over the 

light water-cooled system. The advantages would tend to be offset by 

increased capital costs brought about by the investment in heavy water 

and the higher cost of equipment for handling it. 

1.1.2 Gas-Cooled Fast Reactors 

Incentives for developing the helium-cooled fast reactor (GCFR) in

clude the attainment of a high breeding ratio in a system utilizing gas 

cooling technology. The breeding ratios obtained in the GCFR can be 

equal to or better than those of the LMFBR. Principal components, in

cluding the helium circulators, steam generators, prestressed concrete 

pressure vessel, and helium piping, would draw heavily on technology for 

existing thermal gas-cooled reactors, on the EGCR development work, and 

on current HTGR development programs. Fuel element design would utilize 

the cxirrent and planned AEC development programs for sodi\im-cooled fast 

reactors. The high internal breeding ratio of the GCFR, along with the 

provision for on-load variation of flow orificing, would permit a fuel 

cycle in which the entire core was reloaded at one time; this would mini

mize the frequency of outages for refueling. Because of the high inter

nal breeding ratio, the reactivity swing over the cycle would be only 
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about $1.00 and, thus., the neutron losses to control poison would be low. 

The low coolant void reactivity effect (considerably less than $1.00 for 

complete coolant loss) would allow the core to be optimized without re

gard to this factor, and might alleviate the necessity for compromising 

the design to increase the Doppler coefficient. 

Disadvantages of the gas-cooled fast breeder reactors include the 

high operating pressure of the coolant and the safety problems arising 

from the possibility of loss-of-coolant (depressurization) accidents. 

Conceptual design studies of the GCFR were started in 1961 by the 

General Atomic Division* of General Dynamics Corporation. These studies 

were continued and expanded in additional work by GGA under an AEC con

tract starting in 1963. The AEC-sponsored work has been discussed in 

various reports.̂ -̂'-̂  A conceptual design study to establish the practi

cality of a lOOO-Mw(e) GCFR power plant was undertaken in August 1965 as 

a joint effort by GGA and the East Central Nuclear Group (ECNG). The re

sults to date of the ECNG study were made available to the AEC and the 

Alternate Goolant Task Force.•'••'• This study was updated and reoptimized 

for the current assessment of civilian power reactors under contract to 

ORNL, and the results were published in a report by GGA.-"-̂  

The advantages of gas cooling for fast breeder reactors were also 

considered by the Karlsruhe group.-"-̂ -̂'-'̂  

1.2 Objectives and Scope of This Study 

The objectives of this study were: 

1. to evaluate the feasibility of developing and constructing alternate : 

coolant (steam or gas) fast breeder reactors, 

2. to assess the economic potential of each breeder reactor, 

3. to evaluate the research and development program required for each 

breeder reactor to achieve commercial use, and 

4. to provide data to the Systems Analyses Task Force (SATF). 

The assessment of the alternate coolant fast breeder reactors was 

initiated by the USAEC in the fall of 1966. To guide this assessment. 

•*Now Gulf General Atomic and referred to hereafter as GGA. 
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an Alternate Coolant Task Force was established that consisted of repre

sentatives of industry (General Electric Company, Westinghouse Electric 

Corporation, Babcock &. Wilcox, and Gulf General Atomic), the USAEC labo

ratories (OaJc Ridge National Laboratory, Argonne National Laboratory, 

Brookhaven National Laboratory, Los Alamos Scientific Laboratory, and 

Pacific Northwest Laboratory), and the USAEC Division of Reactor Develop

ment and Technology. The industrial sponsors of each concept were re

quested to generate or up date designs of lOOO-Mw(e) plants to provide a 

basis for comparison. A working group was established at the Oak Ridge 

National Laboratory to develop independently the technical and economic 

performance characteristics of these concepts. The results were then 

compared with those claimed by the sponsors, and the differences were re

solved. Finally, each alternate coolant fast breeder reactor was examined 

from the standpoint of possible contribution to the overall nuclear power 

system of the U.S. This was done through the assistance of the Systems 

Analyses Task Force. 

1.3 Reactor Systems Considered 

Three steam-cooled fast breeder reactors (SCBR) were considered in 

the evaluation. The first is a high pressure concept cooled by steam 

which enters the reactor at 3700 psia and 750°F. Steam enters the tur

bine at 3300 psia and 994°F, with reheat to 950°F. This high pressure 

SCBR concept was developed jointly by the Babcock &. Wilcox Company and 

American Electric Power Service Corporation. 

An intermediate press-ure SCBR concept developed by the Karlsriihe 

group is the second concept considered. In this system, the steam enters 

the reactor vessel at 2680 psia and 710°F and enters the turbine at 2350 

psia and a temperature of 1000°F. The steam is reheated in a surface-

type heat exchanger to 950°F. 

The third SCBR considered was developed by Babcock &. Wilcox Company 

and Sargent &. Lundy Engineers and is referred to as the low-pressure SCBR 

design. In this concept steam enters the core at 1250 psia and 515°'E^ and 

the turbine throttle conditions are 1050 psia and 925°F. There is no re

heat of the steam in this power cycle. 
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In all three SCBR concepts, the steam used for cooling the reactor 

core is generated in a Loeffler-type cycle that uses steam from the reac

tor exit as a heat source. Steam generated by mixing the high-temperature 

exit steam with feedwater is circulated through the reactor by a steam 

circulator. In the low pressure design, the boiler and circ-ulator are in

tegral with the reactor vessel so that piping between the Loeffler boiler, 

the steam ciculator, and the reactor is eliminated. In the other two con

cepts, the steam generators and circ\ilators are located separately from 

the reactor vessel and are connected by piping. 

Three helium-cooled designs were also considered; namely, a derated 

oxide fueled design (GCFR-4D) with a limit on the cladding temperature 

set 50°C below that specified in the reference design, a reference oxide 

fueled design (GCFR-4) with relatively high values for maximum pin heat 

rating and cladding temperature, and a carbide fueled design operating at 

higher pin rating, gas pressure, power density, and specific power. 

In a typical GCFR,the reactor and steam generators are contained in 

a prestressed concrete pressure vessel which also serves as the biologi

cal shielding. Electricity is generated from a high pressure steam cycle 

with a net thermodynamic efficiency of almost 40^. The steam generators 

are supplied with 1250- to 1750-psi high-temperature helium. The cool

ant flow is do-wnward through the core, with the fuel elements cantilevered 

from a deep top-mounted grid plate. Each fuel element is comprised of 

metal clad mixed iiranium-plutonium oxide or carbide fuel rods. Overall 

conversion ratios of 1.45 to 1.60 are obtained, and the internal conver

sion ratios are about 1.0. 

1.4 Sources of Information 

Complete design reports, including cost estimates and performance 

calculations for all concepts (Refs. 3, 7, 12, 15—19), were generated by 

the sponsors. In all cases in which additional information was required 

in order to complete the evaluation, the sponsors were consulted directly. 

Also, when ORNL results differed appreciably from those obtained by the 

sponsors, the results were discussed with the sponsors and efforts were 

made to reconcile the differences. Inevitably, because of the wide 
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^ y disparity in interest and enthusiasm of the members of the Task Force for 

the various reactor systems -under consideration, it was not possible in 

all cases to obtain complete agreement with respect to the reactor per

formance projected by the system proponents or calculated by the ORNL 

working group. 

1.5 Procedures Followed 

Starting with the reference design (or designs) provided by the 

sponsor of each concept, the ORNL working group first carried out de

tailed thermal-hydraulic and nuclear physics analyses to verify that the 

proposed design and operating conditions were technically feasible. In 

this regard, it was assumed that research and development programs as

sociated with each concept would be successfully completed. The perfor

mance requirements for individual components of the heat removal and power-

generation systems were checked in detail. Fuel performance caJLculations 

(exposure levels, mass balances, power peaking factors), as well as re

activity coefficients, were also determined. Possible problems relative 

to reactor performance, fuel element integrity, safety, and control were 

identified in each case. Finally, the research and development programs 

required to solve these problems were analyzed with respect to costs and 

timing. 

Once the technical feasibility of a concept was established and a 

specific set of design and operating parameters identified, the capital 

costs of the plant were estimated by ORNL and compared with the propo

nents' estimated costs. Adjustments were made where necessary to put 

the capital costs of all reactor concepts being considered on a consis

tent basis. ORNL had the responsibility for this cost normalization for 

all concepts treated in the system analysis studies. Unit costs in dollars 

per kilogram of plutonium and uranium for fuel fabrication, conversion, 

shipping, and processing were determined for each type of fuel, and these 

costs, combined with core performance data to determine present worth 

(levelized) fuel cycle costs over the 30-year life of any given type of 

reactor. Capital costs, fuel costs, and operating and maintenance costs 

^^were then combined to provide an overall comparison of power costs. 
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Operating and maintenance costs were also normalized by ORNL by followin 

a consistent set of labor, materials, and other costs. Finally, the re

search and development programs proposed by the sponsors were evaluated 

as to scope, schedules, and costs. 
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2. SUMMARY OF RESULTS 

2.1 Evaluation of Performance Characteristics 

2.1.1 Physics 

The primary areas of concern in the physics analysis are (l) fuel 

inventories, lifetime fuel requirements, and breeding ratios for deter

mination of fuel cycle costs, (2) power peaking factors for use in the 

thermal-hydraulic evaluation, and (3) reactivity coefficients for the 

safety and control analysis. These physics characteristics (calculated 

by ORNL) are summarized in Table 2.1. Lifetime mass balances for use in 

system analysis studies were also computed for each concept. Details of 

these are given in Refs. 20 and 21. 

The physics evaluations of the various concepts are summarized in 

the following paragraphs. 

2.1.1.1 SCBR. Steam-cooled fast reactors, as represented by the 

designs studied in this evaluation, have equilibrium breeding ratios of 

1.11 for the supercritical steam-cooled design, 1.14 for the intermediate 

press-ure design, and 1.38 for the low pressure design. These breeding 

ratios correspond to a range of median fission energy from 30 kev for the 

high pressure design to 160 kev for the low pressure design, with a value 

of 120 kev for the intermediate pressure design. When combined with the 

system average fissile plutonium inventory, these breeding ratios result 

in exponential doubling times of 12, 38, and 41 years, respectively, for 

the low , intermediate and high pressure systems. The reactivity change 

resulting from either loss of coolant or flooding is positive for all 

three systems, with the exception of the high pressure SCBR at end of life. 

Loss of coolant at beginning of life results in increases in effective 

m-ultiplication factors of 0.009, 0.021, and 0.005 for the low , interme 

diate and high pressure systems. Flooding at end of life results in an 

increase of 0.012 for the intermediate pressure system and 0.04 for the 

high pressure system. The maximum effect of flooding occurs at beginning 

of life in the low pressure system where the change in effective multipli

cation factor is 0.168. The principal unsolved physics problems or areas 

requiring additional information in the steam cooled concepts are kinetics 



Table 2.1. Equilibrium Physics Characteristics of Alternate-Coolant Fast Breeder Reactors 

Steam-Cooled Reactors Gas-Cooled Reactors 

1250-psl 
Plant 

2,900 

1,012 

355 

0.74 

3,555 

4,085 

318 

70,000 

1.38 

12 

3.0 

2680-psl 
Plant 

2,519 

1,000 

285 

0.66 

3,530 

3,835 

95 

57,500 

1.14 

38 

2.65 

3700-psl 
Plant 

2,326 

970 

445 

0.94 

1,980 

2,325 

65 

58,000 

1.11 

41 

1.6 

Derated 
Plant 

2,681 

1,000 

245 

0.80 

2,987 

3,797 

349 

74,800 

1.48 

11 

2.5 

Reference 
Plant 

2,530 

1,000 

265 

0.82 

2,727 

3,523 

356 

75,000 

1.48 

10 

2.5 

Carbide-
Fueled Plant 

2,678 

1,000 

545 

1.30 

1,688 

2,520 

450 

112,200 

1.60 

5.5 

2.5 

Thermal power, Mw 

Net electrical capacity, Mw 

Average core power density,^ kw/liter 

Average core specific power,^ 
Mw/kg fissile 

Core fissile plutonium inventory,^ kg 

Total fissile plutonium inventory,^ kg 

Net gain of fissile plutoniiun, kg/yr 

Core average burnup, Mwd/MT 

Breeding ratio^ 

Exponential doubling time,'̂  years 

Fuel life, years at a power factor of 0.8 

Reactivity coefficients 

Fuel temperature, /S5;/°K 
Coolant void, "̂  ̂ /'^ void 

Beginning of startup cycle 
End of equilibrium cycle 

-8.6 X 10"^ -1.6 X 10"^ -^.2 X 10"^ -5.4 x 10"^ -5.4 x 10"^ -5.4 X 10"^ 

9.4 X 10"5 2.1 X 10"'̂  5 X 10"^ ~3 x 10"^ 
7.3 X 10-5 -L,9 X 10-^ -3.8 x lO"'*' ~5 x 10"^ 

Calculated as linear averages over equilibrium cycle. 

Defined a^ fertile captures divided by absorptions in fissile plutonium. 

"Based on one-year out-of-core holdup of fissile plutonium. 

Based on calculations with total loss of coolant. 
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analyses of the various cores, lack of the critical experiments needed 

to confirm calculations, and lack of understanding of the density effect 

on reactivity. 

From the physics standpoint, the larger inventory and low breeding 

ratio present the greatest handicap for the high pressure steam-cooled 

fast reactor. The breeding ratio and doubling time obtained for the low 

pressure design are comparable with those of other fast breeder reactors, 

but the economics suffer from the larger inventory requirement. It is 

recognized that the core design and fuel cycle program for the low pressure 

concept were not optimized by the designer and, therefore, some improvement 

in these results may be possible when further study is given to these 

problems with the support of adequate critical experiment data. 

2.1.1.2 GCFR. The calc-ulated equilibrium breeding ratio of the 

GCFR-4 design is about 1.4S and corresponds to an exponential doubling 

time of 10 years. The reference carbide fueled design, on the other hand, 

is estimated to have a breeding ratio of 1.6 and a doubling time of 5.5 

years. 

The overall core peak-to-average power distribution for the oxide 

fueled reference design was found to be 1.47 at beginning of life and 

1.40 at end of life. 

2.1.1.3 -̂̂ P̂u Cross-Section Uncertainties. Recent measurements, 

which became available after completion of these evaluation calculations, 

indicate that the capture-to-fission ratio of ^^^Pu may be somewhat higher 

than previously estimated in the energy range between 0.2 and 25.0 kev. 

Some preliminary calculations show that this change would result in a 

reduction in the predicted breeding performance of fast breeder reactors. 

Technical, as well as economic penalties, would result, including lengthen

ing the doubling times. Should the recent measurements be confirmed, the 

various breeder reactor designs undoubtedly would be reoptimized in an 

attempt to minimize the effect. 

Since further consideration of the uncertainties in the physics data 

is needed, it is impossible to determine their impact on the breeder re

actor development program prior to the publication of this report. 
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2.1.2 Thermal-Hydraulic Performance 

2.1.2.1 SCBR. All three SCBR designs were analyzed to determine 

the flows, pressure drops, and temperature distributions throughout the 

cores and blankets. The calculated maximum cladding surface temperature 

in the low pressure SCBR is below 1350°F, the specified value for the 

design maximum. In the intermediate pressure design, the maxim-um sur

face temperature is below 1200°F, which is to be compared with the 1390°F 

design maximum. The high pressure design was found to have a maximum 

surface temperature of about 1350°F, which is the specified design maximum. 

If the melting point of the irradiated mixed uranium and plutonium 

oxide is assumed to be about 4900°F, only the intermediate pressure de

sign meets the criterion of no center melting. It is estimated that 

center melting would occur in the other two designs, for which the linear 

heat ratings reach maximum -values of 15 to 16 kw/ft. Melting could be 

avoided by altering the core design, without suffering large cost penal

ties. Use of more smaller diameter pins would reduce the linear heat 

rating at the expense of a small increase in fuel fabrication cost. It 

was estimated that for a center-line temperatirre of 4900°F, the heat that 

could be removed from the vibration-packed fuel per unit length of fuel 

rod would be about 13 kw/ft. The use of pelletized fuel wo-uld permit a 

higher linear rating without center-line melting for the given fuel sur

face temperature (about 1530°F), and both fuel forms would permit higher 

fuel ratings if the surface temperature was reduced. Since both the low 

and intermediate pressure SCBR designs utilize pins whose diameters are 

not constant along the length, core redesign would be required if pellets 

were used. 

2.1.2.2 GCFR. The core power distributions calculated for the ref

erence core GCFR-4 were also applied to the derated design because core 

zoning and compositions were similar. The maximum cladding surface tem

perature for the reference design was calculated to be 1315°F under nomi

nal full power conditions and to be 1435°F at the hot spot. Such tempera

tures are higher than those of most other fast reactor designs, and they 

would introduce significant technical problems. These values may be com

pared with design values of 1293 and 1472°F, respectively, specified by 
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^W GGA. For the derated design, the full power nominal and hot-spot maximums 

were 1205 and 1315°F, respectively, compared with design values of 1200 

and 1380°F, respectively, specified by GGA. The maximum hot-spot tempera

tures calculated at 110^ rated power were 1515°F for the reference design 

and 1385°F for the derated design. These temperatures would be experienced 

on a short-term basis only. 

Maximum reference design fuel temperatures were calculated to exceed 

the melting point of unirradiated (U, Pu)02 fuel (4950°F) under all con

ditions except nominal 100^ power with no engineering hot-spot factors 

included. Maximum fuel temperatures calculated for the derated design 

were also above the oxide melting point when hot-spot factors were in

cluded. It is thought that fuel melting cannot be permitted because the 

cored pellets would provide a passage for flow of the molten fuel to a 

lower position in the pin where the coolant would be even hotter. 

Interior fuel melting can be avoided at slight cost penalty by one 

of several design alternatives. A slight reduction in pin heat rating 

below that of the derated design would avoid melting at a very small cost 

penalty. Also, the use of higher density oxide (95 instead of 90^, for 

example) with a larger central hole would provide a considerable reduc

tion in the interior fuel temperature, although increasing the fuel density 

would conceivably enhance fuel swelling problems. 

2.1.3 Materials 

2.1.3.1 SCBR. It appears that compatibility between fuel and steam 

will be satisfactory if no excess oxygen is present; however, the ability 

to assure this condition in an intense radiation field is not known. 

The type 19-9DL stainless steel cladding may suffer stress-corrosion 

cracking and,also, be much less resistant to oxidation. Coolant-cladding 

compatibility may be satisfactory for Inconel 625 and/or Incoloy 800; 

however, radiation effects on all cladding materials are recognized as a 

problem in that reduced ductility will shorten stress-rupture life at 

the low strain rates involved. On this basis, the fuel element life was 

limited to that at which the increasing cladding stress from fission gas 

pressure would develop ifo cladding strain. The high and intermediate 

^Bpressure concepts would require additional void-plenum volume to achieve 
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100,000-Mwd/Mr maximum burnups. The low pressure concept was designed 

for 100,000-Mwd/MT average burnup, and it appears satisfactory from the 

aspect of fission gas pressures. 

All the stesm-cooled reactor designs use prepressurization of the 

fuel rods to prevent cladding collapse under initial operating condi

tions. Calculations indicate that in the high and low pressiire designs 

the internal pressures for this prepressiirization should be increased. 

For purposes of economic coniparisons, all three designs were assumed 

to operate to a point-maximum fuel b-urnup of 100,000 Mwd/WT. It appears 

possible to achieve a suitable combination of fission product gas plenum 

volume and initial prepressurization to accommodate the fission product 

gases while holding cladding stresses to an acceptable level. In regard 

to fuel pin prepressurization, however, it should be pointed out that 

problems of quality control and inspection to insure acceptable pins 

could be substantial. 

The development of cladding strain from fuel swelling and other 

factors is dependent on the creep strength of the cooler outer layer of 

fuel, which may be a function of stress, rate of stress application, 

character ajid amount of pore volume, fission rate, and external restraint. 

This problem is common to all proposed fast reactor designs, and experi

mental tests will be required to evaluate effects of such fuel cladding 

mechanical interactions on burnup limits as a function of the operating 

environment. 

2.1.3.2 GCFR. It appears from the results of short term out-of-

pile tests that no problems of compatibility exist between stainless steel 

and UO2 fuels. The advanced gas-cooled reactor (AGR) uses UO2 in contact 

with 20^ Q.T-25% Ni-1^ Wo cladding at temperatures up to 750°C (1380°F). 

Fuel cladding compatibility has been established in furnace tests with 

UO2-20^ PUO2 in contact with various stainless steels (including type 

316 stainless steel) for 1000 hr at 14-00°F. No bonding or diffusion 

across the interface developed, although hyperstoichiometric oxide de

veloped a 1-mil-thick oxide film on the inner surface of the steel, and 

slight metallurgical effects (to a depth of 0.1 mil) were noted in adja

cent metal. However, successful performance of mixed oxides under the 
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higher temperature conditions of commercial GCFR's remains to be demon

strated. 

With the use of the pressure equalizing technique to avoid differen

tial pressure loads on the cladding, fuel volumetric changes will be a 

major source of cladding stress. The volume increase from solid fission 

product formation is about ifo or less per 10,000-Mwd/MT burnup if a major 

fraction of the fission gas escapes. Gas release is a function of tem

perature and burnup and ranges from about 50 to 95^ at high heat ratings 

and burnups of 50,000 to 125,000 Mwd/MT. 

The pressure generated at the fuel cladding interlace as a result 

of swelling is relieved by plastic and elastic deformations of the fuel 

and cladding. The criterion limiting fuel element life will probably be 

the development of about Vfo cladding creep strain. Cladding strength 

mustj therefore? be sufficient to insure that most of the volume increase 

is accommodated by the flow of the fuel to the internal pores and the 

void space at the interior of the cored fuel pellets. 

At the high temperatures proposed for the GCFR-4, the reference 

oxide fueled design, the cladding will offer little restraint against 

fuel swelling. However, the parameters controlling creep strength of 

fast reactor fuels have not been established. 

It is apparent that the cladding used in the gas-cooled reactor de

signs studied here offers less restraint against fuel swelling than clad

ding used in other proposed fast reactor designs due to the higher oper

ating temperature. Other factors being equal, it might be expected that 

comparable swelling rates would be achieved at comparable restraining 

pressures. However, fuel temperatures in the GCFR-4- are somewhat higher, 

and it is possible that this effect in causing greater fuel plasticity 

and fission gas release may indeed require less restraint. Because of 

the unimown interaction of many processes, it is concluded that the ef

fects of cladding temperature and cladding thickness on burnup limita

tions of the fuel element cannot now be established. 

It is concluded that the fuel element proposed for the GCFR-'i repre

sents a considerable extrapolation of current technology, and that consid

erable experimental testing will be required to define effects of various 
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parameters on the burnup attainable. A major limitation results from 

reduced cladding ductility, which is recognized as a major problem for 

development of any fast reactor design. The maximum cladding temperature 

for GCFR-4 of 1435°F is at least 100°F higher than for other fast reac

tors. Higher cladding temperatures will adversely affect compatibility 

and cause development of metallurgical changes that may reduce cladding 

strength. It is concluded that maximum allowable cladding temperatures 

cannot now be determined. 

2.1.4 Components 

2.1.4.1 SCBR. The proposed reactor vessels are considered feasible 

to build in present-day manufacturing facilities, except that the two 

layer vessel for the 3700- and 2680-psi designs may require some develop

ment. The acceptability of using a welded head vessel, with its limited 

capability for inspection and maintenance, is questionable. 

The feasibility of using a direct cycle with an uncontained turbine 

is an uncertainty. The pot-'-tial for higher fuel failure and the lack 

of a phase separation to reduce fission product or corrosion product 

carryover makes the situation very different from BWR experience. Also, 

the concept of having a major portion of the primary system outside the 

containment vessel is questionable. 

The principal components of these systems that differ from those in 

other water-cooled reactors are the steam generators and the steam cir

culators. The steam generators are a mixing type in which superheated 

steam from the reactor is mixed with the feedwater to generate steam to 

cool the core. Some experimental work may be required on spray distribu

tion and droplet size, etc., in order to demonstrate performance of each 

steam-generator concept. The circulator designs all represent an exten

sion of present technology to larger sizes. The most significant problem 

areas in these components are the shaft seals and bearings. 

With the high core pressure drops characteristic of the designs 

studied here, vibration of the core and core support structure is a po

tential problem. Flow tests will be required as part of the development 

program to demonstrate that the design is adequate in this area. 
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2.1.4.2 GCFR. The proposed prestressed concrete reactor vessel 

represents a considerable extrapolation of current operating experience 

with such vessels; therefore, a substantial verification of the design 

will be needed, including model tests. VilDration of the core structure 

due to physical loads imposed by the flow of the coolant coiild be a prob

lem that might require extensive flow studies for its solution. The 

helium circulators, on the other hand, appear to be reasonable extrapo

lations of current technology. 

Steam generator designs prepared by three different manufacturers 

have total heat transfer areas ranging from about 46,000 to 62,000 ft^, 

with the ORNL estimate being 7^,000 ft^. The range of values is presum

ably due in large part to uncertainties in helium heat transfer correla

tions. This uncertainty should be substantially reduced as part of the 

HTGR program. 

2.1.5 Safety 

It was recognized that safety considerations are a most important 

aspect of fast reactor design and evaluation. Within the limitations of 

the design information and effort available, the evaluation identified 

those aspects of the designs with safety implications. 

The safety problems of all fast reactors differ from those of ther

mal reactors in that (l) the fast reactors operate at higher power den

sity, (2) a larger quantity of fissile material is present in the core 

of each fast reactor and provides a potential of several critical as

semblies in a thermal neutron environment, (3) the fast reactors have a 

weaker negative reactivity response to change in temperature and power, 

and (4) there is a positive reactivity effect of coolant voids in the 

core, either locally or totally. The steam- and gas-cooled fast reactors 

have all these problems, except local voiding, and because of the low 

density coolants, they also have low heat capacity and resultant very 

rapid temperature changes when loss of coolant or reactivity insertions 

occur. 

It appears that the only inherent power limiting characteristic of 

the steam- and gas-cooled cores is the Doppler coefficient associated 
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i 
with the fuel, so an applied reactivity shutdown will be required to can

cel a reactivity transient. Possible causes of reactivity transients in 

these reactors were reviewed, and based on the review, it appears that 

for realistic reactivity insertion rates a well designed fast safety sys

tem and shutdown mechanism would be able to terminate an accident before 

the fuel was damaged. 

Since the GCFR and SCBR operate with gaseous coolants, they do not 

have the problem of reactivity increase from local coolant voiding due 

to a phase change. Flooding of the core with unpoisoned water would add 

substantial reactivity in both the GCFR and SCBR; however, accidental 

flooding appears least likely in the GCFR. 

The problem of meltdown of core materials has been encountered in 

sodium-cooled prototype reactors, and it seems reasonable to assume that 

the steam- and gas-cooled breeder reactors will also encounter this prob

lem. Some preliminary analyses were made of the energy release by a 

postulated destructive nuclear burst resulting from fuel consolidation into a 

critical configixration. Analyses indicate that the proposed SCBR vessel 

may be adequate to contain the burst, but no study was made of the 

capabilities of the prestressed concrete vessel used in the GCFR design. 

The designs do not include provisions for removal of heat from the re

sulting debris inside the vessel. 

Further study is required to determine the credibility of a destructive 

burst and the upper limit for the energy release and to develop reli

able means of containing the fuel after a core meltdown and removing the 

heat from it to prevent reactor vessel melt-through. The potential melt-

through problem is common to all large reactor types, but it is more se

vere in fast reactors (with higher power density) than in thermal reactors. 

These potential problems have not been treated for the various types 

of steam- and gas-cooled reactors covered in this study. 

2.1.5.1 SCBR. The most difficult safety problem of the SCBR seemis 

to be that of insuring continued core cooling. Emergency cooling of the 

core would be required within 1 to 5 sec after a major failure in the 

primary cooling system of a steam-cooled fast reactor. Demonstrations 

of the ability of core sprays or steam jets or any other device proposed ^ 
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^Hfor such emergency cooling would be required. It would have to be shown 

that the emergency coolant would be distributed within a short time in 

the quantities needed throughout the core and that the core would remain 

subcritical under these conditions of emergency cooling. 

The high pressure and low pressure SCBR's include the feature of a 

closely fitting high pressure containment vessel around the reactor ves

sel. If the main reactor vessel or nozzles should break, this secondary 

vessel should hold the reactor pressure up and,consequently minimize the 

reduction in cooling ability and the reactivity increase associated with 

a loss of coolant. This vessel also increases the capability of contain

ing a destructive nuclear burst. 

Further study of the kinetics of steam-cooled fast reactor cores is 

also necessary to provide adequate information on which to base a com

plete safety analysis. 

2.1.5.2 GCFR. The GCFR has several inherent safety advantages as 

well as disadvantages. For example, the reactivity increase associated 

with loss of coolant is considerably smaller than that associated with 

loss of coolant in steam-cooled designs. Also the use of a prestressed 

concrete reactor vessel may make very high blowdown rates unlikely for 

the GCFR concept. 

The most crucial safety consideration for the GCFR is that of main

taining forced circulation of coolant under normal as well as emergency 

conditions. The main and auxiliary blowers and drives must have a higher 

level of reliability than is required for rotating equipment in current 

light water reactors, and further study is needed to demonstrate that an 

adequate level of reliability can be achieved. A depressurization acci

dent would further increase the requirements on the circiilators because 

of loss of coolant mass flow. If depressurization were accompanied by 

blower failure, damaging conditions could result. Use of a pressure-

sustaining containment building around the prestressed concrete reactor 

vessel would help maintain coolant pressure and,thereby, improve the mass 

flow capability of the operative circiilators. 

Based on the safety review, costs of a pressure-sustaining secondary 

containment building were included in the GCFR capital cost estimates. 
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2.2 Economic Evaluation 

2.2.1 Capital Costs 

The capital cost estimates of alternate coolant fast breeder reac

tors are based on information submitted by sponsors for reference plant 

designs. It must be kept in mind when attempting to compare these sys

tems with others that are considerably more advanced; that the conceptual 

details considered herein have been carried to limited levels of detail, 

and that the corresponding research and development programs are at best 

uncertain. Design and operating conditions were varied somewhat to place 

concepts on an equivalent basis for comparison. For example, because of 

safety considerations, a secondary containment vessel was recommended for 

the GCFR, and its cost was included in the GCFR capital costs. These 

changes were generally quite small and equivalent to less than ±0.1 

mill/kwhr in power costs. However, changes made to the high pressure 

SCBR to make it more equivalent to the low pressure design added about 

0.15 mill/kwhr to its cost. The procedure used in determining adjusted 

and normalized capital costs consisted of the following steps: 

1. Costs reported by sponsors were tabulated in accordance with 

the USAEC classification of accounts outlined in Ref. 22. 

2. Costs of systems and components common to more than one plant 

were normalized to a reference set of costs. These were derived from 

suppliers list prices, materials costs, and labor costs as of June 1, 

1967, by using methods developed at ORNL. 

3. Costs of components unique to a particular concept were checked 

against applicable cost experience and modified when apparent discrep

ancies were found. 

4. Constant percentages were applied sequentially to the direct 

costs of all concepts to determine the total indirect costs. These were 

general and administration, 0>; miscellaneous construction, V/o; archi

tect-engineer services, 5%; nuclear engineering, 2%; startup, 35^ of op

erating and maintenance costs; contingency, 10^; interest during con

struction of investor-owned plant, 10.8^. In combination, these indirect 

charges amounted to about 41^ of the direct construction costs. 
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Table 2.2 summarizes the capital costs of the reactors being con

sidered. Since the cost normalization methods used were sensitive to 

the accuracy of the reference design costs and were for a fixed set of 

site conditions, the values reported should be regarded as relative 

rather than absolute investment costs. They are not intended to reflect 

possible future prices of plants, particularly where the state of tech

nology is somewhat new. Furthermore, even after development programs 

are scoped and detailed designs are available for commercial application, 

costs will be influenced by changes in "market place" conditions. 

Table 2.2. Normalized Capital Costs of 
Investor-Owned Fast Breeder Reactors 

Concept 

SCBR 

1250-psi system 
2680-psi system 
3700-psi system 

GCFR 

Derated plant 
Reference plant 
Carbide-fueled plant 

Total Unit 
Costs 

[$/Me)] 

129.1 
131.4 
121.7 

129.3 
130.0 
130.0 

Corresponding 
Energy Costs 
(mills/kwhr) 

2.53 
2.57 
2.38 

2.53 
2.54 
2.54 

2.2.2 Fuel Cftle Costs 

The fuel cycle costs were resolved into the following components: 

(l) burnup costs, (2) fuel preparation costs, (3) fabrication costs, 

(4) processing cost, including ultimate waste disposal costs, (5) ship

ping costs, (6) fixed charges on fissile and fertile inventories, and 

(7) interest charges on operating capital invested in fabrication, pro

cessing, and shipping facilities and in inventories of special materials. 

The fixed charges and interest were computed by the "present worth" for-

jnula. A value was assigned to fuel discharged from the reactor at the 
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end of plant life (~30 years) that included linearly prorated credits 

for fabrication and debits for processing of partially irradiated fuel. 

In computing the present worth of the power produced, the price of power 

and the plant factor were assumed to be-constant with time. Resulting 

fuel cycle costs are summarized in Table 2.3. 

Table 2.3. Fuel Cycle Costs for Alternate-
Coolant Breeder Reactors (Relative) 

Fuel Cycle Costs (mills/kwhr) 

Concept 
Fuel Handling 

Inventory and 
Interest Charges 

Total 

SCBR 

1250-psi system 
2680-psi system 
3700-psi system 

GCFR 

Derated plant 
Reference plant 
Carbide fueled plant 

0.32 
0.49 
0.54 

0.16 
0.13 

-0.07 

1.04 
1.03 
0.72 

0.89 
0.79 
0.62 

1.36 
1.52 
1.26 

1.05 
0.96 
0.55 

2.2.3 Operating and Maintenance Costs 

Operating and maintenance costs were derived from estimates of sala

ries, consumable supplies and equipment, outside support services, admin

istrative and general costs, coolant and makeup costs, and nuclear lia

bility insurance premixmis. The resiilting total annual costs and associ

ated power costs are summarized in Table 2.4. 

2.2.4 Power Costs 

Power costs of investor owned alternate coolant fast breeder reac

tors are summarized in Table 2.5. These costs are based on capital charges 

at 13.7^ and a 0.8 plant factor, 30-year levelized fuel cycle costs, and 

the other economic ground rules given in Chapter 3. 
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Table 2.4. Normalized Operating, Maintenance, and 
Nuclear Liability Insurance Costs 

Concept 

SCBR 

1250-psi system 
2650-psi system 
3700-psi system 

GCFR 

Derated plant 
Reference plant 
Carbide fueled plant 

Total Annual 
Operating and 
Maintenance 

Costs (millions 
of dollars) 

1.99 
1.98 
1.97 

2.09 
2.09 
2.09 

Associated 
Power Costs 
(mill/kwhr) 

0.28 
0.28 
0.28 

0.30 
0.30 
0.30 

Table 2.5. Power Costs in Alternate Coolant Fast Breeder Reactors 

t4 

Concept 

SCBR 

1250-psi system 
2680-psi system 
3700-psi system 

GCFR 

Derated plant 
Reference plant 
Carbide fueled plant 

Capital 

2.52 
2.57 
2.38 

2.53 
2.54 
2.54 

Power Costs 

Fuel 
Cycle 

1.36 
1.52 
1.26 

1.05 
0.96 
0.55 

(mills/kwhr) 

Operation 
and 

Maintenance 

0.28 
0.28 
0.28 

0.30 
0.30 
0.30 

Total 

4.16 
4.37 
3.92 

3.88 
3.80 
3.39 

t5 2.3 Research and Development Programs 

Development programs for alternate coolant fast breeder reactors have 

!)een given preliminary treatment. A significant assumption of these 
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programs is that fuel materials will be developed as part of the LMFBR 

program, and these programs would rely on the LMFBR program to develop 

fuel performance data. Thus the timing of each alternate coolant effort 

would depend to a large extent on that of the LMFBR program. Additional 

work would be required to establish a reliable cladding material from 

the standpoint of temperature and compatibility. Over and above these 

considerations would be the need for special development and proof-test 

facilities, only a limited number of which have been provided, and the 

cost assistance for the industry to establish the required industrial 

base to provide for such things as reliable components. Based on ex

perience with other reactor development undertakings, the AEC feels that 

the cost estimates proposed for the alternate coolant research and de

velopment are low. A successful development program for a reliable unit 

meeting utility requirements would be considerably greater than the levels 

proposed by concept sponsors. These programs must, therefore, be con

sidered as incremental efforts to be accomplished in addition to much of 

the basic effort planned for the LMFBR program. 

2.3.1 Steam-Cooled Fast Reactors 

The incremental research and development program outlined by B&.W for 

the low-pressure SCBR includes the design and construction of a 50-Mw(e) 

reactor experiment costing about $25.9 million. The annual operating cost 

for this experiment is assumed to be $3 million, including fuel charges. 

This would be followed by a 500-Mw(e) prototype plant, which is estimated 

to require financial assistance of about $42 million. The development 

program includes a lOOO-Mw(e) demonstration plant, which requires an 

estimated $19 million in first-of-a-kind cost assistance. This leads 

to a total cost of $86.9 million for assistance in constructing experi

mental, prototype, and demonstration reactors, plus an annual cost of 

$3 million for operating the 50-Mw(e) experimental reactor. Costs of 

other proposed research and development programs contribute a total of 

$42.5 million. The total cost of the proposed research and development 

plan is,therefore,$140.9 million, including four years of operating costs 

for the 50-Mw(e) experimental reactor. 
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Incremental costs for the low pressure SCBR development program are 

summarized in Table 2.6. 

Table 2.6. Incremental Low Pressure SCBR Research 
and Development Program Costs 

Costs 
(thousands of 
dollars) 

50-Mw(e) experiment 

Construction 25,850 
Four years of operation 12,000 

500-Mw(e) prototype plant cost assistance 41,540 

Engineering and construction assistance for 19,000 
first-of-a-kind lOOO-Mw(e) demonstration 
plant 

Research and development programs 42,538 

Total 140,928 

2.3.2 Gas-Cooled Fast Reactors 

The incremental research and development program outlined by GGA for 

helium-cooled fast reactors includes the design and construction of a 100-

Mw(th) (with no electrical generation) gas-cooled reactor experiment (GCFRE) 

costing $33.6 million. The annual operating cost for this experiment is 

estimated to be $3 million, including charges on the fuel. An extensive 

fuel irradiation program is included that uses FFTF and other facilities 

at a cost of $77.7 million. Other aspects of the program, which include 

program, planning and design studies, core materials development, core 

mechanical and thermal tests, and components development, add another 

$52.2 million, bringing the total cost of the GGA development plan for 

GCFR to $187.5 million through 1980 (including eight years of operating 

cost for GCFRE). 
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These cost figures do not include costs for developing carbide fuels 

or any other research and development costs in the IMFBR and HTGR pro

grams, which contribute an estimated $200 million worth of applicable re

search and development to the GCFR program in addition to the use of test 

facilities. Also, not included in the above figures is the cost assis

tance required for an intermediate-size prototype plant and the first 

lOOO-Mw(e) demonstration plant. It is probable that a prototype plant 

with a power level of about 300 to 500 Mw(e) should be included in the 

development program. This intermediate power prototype would require 

considerable financial assistance. 

The total of the above development costs is $247.5 million, and the 

timing leads to operation of the first lOOO-Mw(e) GCFR in 1980. The costs 

for the GCFR development program are summarized in Table 2.7. 

2.3.3 General Comments on Development Programs 

The costs presented in the above sections lead to a total research 

and development cost for the GCFR that is higher than for the low-pressure 

Table 2.7. Incremental GCFR Research and Development 
Program Costs 

Costs (thousands 
of dollars) 

lOO-Mw(th) experiment (GCFRE) 

Construction 33,600 
Eight years of operation 24,000 

Prototype plant, 300 to 500 Mw(e), 40,000 
cost assistance 

Engineering and construction assistance 20,000 
for first-of-a-kind lOOO-Mw(e) demonstra
tion plant 

Research and development programs 

Fuel irradiation tests 77,700 
General programs 52,200 

Total 247,500 



27 

^^CBR. This is due mainly to differences in approach and emphasis in the 

development programs, rather than to any inherently greater research and 

development requirements for the GCFR. For example, the GCFR program 

includes eight years of operation of the GCFRE, whereas the SCBR program 

includes only four years of operation of the 50-Mw(e) reactor experiment. 

The GCFR program includes costs for fuel-irradiation tests, while the 

SCBR development plan relies on LMFBR programs for fuel development. 

There is also a significant difference in the cost estimates for the 

small reactor experiments, with the construction cost for the lOO-Mw(th) 

GCFRE being 30^ higher than that for the 50-Mw(e), perhaps 150-Mw(th), 

SCBR experiment. In summary the GCFR program includes about $90 million 

for items not included in the SCBR program. 

2.4 Important Milestones and Dates of Introduction 
of Alternate Coolant Fast Breeder Reactors 

2.4.1 Basic Assumptions 

1. All reactor development programs require at least one prototype 

plant, followed by one "essentially full scale" demonstration plant by 

each reactor manufacturer pursuing the concept. 

2. The earliest date of introduction of the first four full scale 

"commercial" plants [1000 Mw(e)] is two years after the first full scale 

demonstration plant has been operated at full power. 

3. Design and construction schediiles are based on the assumption 

that there will be no undue delays as a result of licensing, work stop

pages, or procurement problems. Thus the given schedules are minimum. 

With these assumptions as a basis, the schedules of important mile

stones leading to possible dates of introduction of alternate coolant 

fast breeder reactors are outlined in the following sections. 

It was assumed for scheduling that the development program would be 

the same regardless of which steam pressure was chosen for the preferred 

concept. The schedules for the SCBR and GCFR were: 
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2.4.2 SCBR . 

1. Start design of 50-Mw(e) experimental unit by July 1968. Unit " 

to be in operation by December 1973. 

2. Make commitments for 300- to 500-Mw(e) prototype plant by December 

1971. Unit to be in operation by December 1977. 

3. Make commitments for first lOOO-Mw(e) demonstration plant by 

December 1975. Plant to be in operation by December 1980. 

4. Make commitments for four lOOO-Mw(e) commercial plants by Decem

ber 1978, with date of introduction to be 1982. 

2.4.3 GCFR 

1. Start design of lOO-Mw(th) GCFRE in July 1968. Experiment to 

be in operation by December 1973. 

2. Start design of 300- to 500-Mw(e) prototype plant by December 

1971. Plant to be in operation by December 1977. 

3. Make commitments for first lOOO-Mw(e) demonstration plant (GCFR-

4D) by December 1975. Plant to be in operation by December 1980. 

4. Make commitments for four lOOO-Mw(e) commercial plants (GCFR-4D) 

by December 1978, with date of introduction to be 1982. 

The reference oxide fueled GCFR-4 could be introduced two years 

later. The reference carbide fueled GCFR depends on the LMFBR carbide 

fuel development program, with the date of introduction being 1986. 
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" 3. GROUKD RULES AND COST BASES 

3.1 General Considerations 

3.1.1 Definition of Criteria for Evaluating Technical Feasibility 

The technical evaluation of the alternate-coolant fast breeder re

actors covers five general areas: (l) physics, (2) heat transfer, (3) 

materials, (4) systems and components, and (5) safety. Calculations were 

made by ORNL personnel in these areas for verifying the designers* results 

and also for providing an evaluation of all concepts on a comparable basis. 

The heat transfer calculations consisted of a check of the siirface 

and interior maximum temperatures and the total heat removal based on the 

core configuration provided by the designer and on the power distributions 

determined by the ORNL physics analysis. These temperatures were then used 

by the materials engineers in evaluating the ability of the materials to 

serve at the indicated temperatures. The pressure drops and p\jmping power 

required were also caleiilated, as were the emergency cooling capability 

and the general heat balance of each system. 

The physics evaluation included calcixLation of neutron balance, 

breeding ratio, and plutoniiun yield, all based on core composition as given 

by the designer and initial loading with plutonium from PWR discharge fuel. 

Power distributions were calc\ilated on the basis of the specified fuel 

management program provided by the designer. Coefficients of reactivity 

due to fuel Doppler effect, coolant void, flooding, and overall coolant 

density effects were calculated. Based on initial core and blanket com

positions and the proposed core and blanket management programs, complete 

histories of the mass balances throughout the life of the reactor were cal

culated. The analysis also included a determination of a fuel cycle cost, 

including fuel fabrication, shipping, and reprocessing costs. 

The design characteristics of some of the principal components of the 

reactor primary system were calc\ilated, and their requirements were com

pared with current technology of corresponding equipment for which some 

experience is available. Particular attention was paid to equipment when 

new requirements were Involved, such as those for the steam or gas circu-

rlators. The reactor vessels and their internals were analyzed and 
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compared with code requirements for the specified design and operating ^ ^ 

conditions. Refuleing and fuel-handling equipment were reviewed for ade

quacy and for consistency with the requirements of the other reactor sys

tems with which comparisons were made. 

The safety evaluation consisted of a review of several types of acci

dents that might occur, their effects on the integrity of the reactor, and 

the resulting potential hazards that might develop. The accidents con

sidered included (1) reactivity accidents, (2) thermal accidents, (3) plant 

startup and control accidents, and (4) destructive nuclear bursts, and there 

was some discussion of containment of core meltdown. For all these conditions, 

safety features were examined to determine whether they could successfully 

cope with the postulated accidents. 

There were no firm ground rules established for the design of the 

safety features, and AEC General Design Criteria changed during the course 

of this study. Also, concept sponsors used considerably different ap

proaches to the design of safety features and emergency equipment. ORNL 

attempted to normalize the emergency equipment to a reasonable degree of 

reliability, but it was not normalized to give the various types of reactor 

"equivalent" degrees of safety for a similar siting situation. Such a 

normalization would be reflected in the capital costs of the different reac

tors; however, this would be difficult to do on a consistent basis because 

of the conceptual nature of these designs and the lack of safety feature 

analyses and licensing experience with these advanced designs. 

3.1.2 Timing (Date of Introduction) 

The time period under consideration in the studies was from 1970 to 

2020. For each reactor design an estimate was made as to the year in which 

a prototype reactor would be in operation and the first lOOO-Mw(e) demon

stration reactor would be started up. This would be followed by the intro

duction of four such reactors two years later, which would set the date 

of introduction of "commercially available" plants. The schedule for 

these reactors was based on the assumption of successful completion of 

the proposed development programs. This criterion implies that although 

engineering development may be required to make the design practicable, 

a technological breakthrough is not needed. ^ ^ 



31 

1.3 Ground R\iles on Trends 

Capital costs were estimated for each reactor plant as a part of the 

economic evaluation based on costs as of June 1967 with no allowance for 

escalation. 

3.1.4 Plant Size 

The electrical capacity of each reactor plant was nominally sized at 

1000 Mw(e) (net); however, the fuel fabrication and.processing plants were 

sized to handle fuel from about 15 reactors of each type. 

3.2 Financing Conventions 

The financing conventions used to estimate total power costs are sum

marized in Table 3.1. 

Table 3.1. Financing Conventions for Alternate Coolant 
Breeder Reactor Evaluation 

Type of ownership: private investor 
Plant capacity factor: 0.80 
Salvage value of plant: zero 

Fixed Charge Rates {fo per year) 

Depreciating 
Investment 

Land and Fuel Cycle 
0 & M Working Working 

Capital Capital 

Return on investment^ 7.20 7.20 7.20 
Depreciation (30-year 1.02 
sinking fund) 
Interim replacements 0.35 
Federal income taxes^ 2.04 4.80 4.80 
State and local taxes 2,84 0.80 O.&Q 
Property insurance 0.25 0.40 

Total 13.7 12.8 13.2 

Based on 52^ bonds at 4.615^ per year and 48^ equity at 
10^ per year. 

50^ of gross taxable income. 
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3.3 Capital Cost Eases 

The bases for the capital cost estimates are listed below; 

1. The equipment and systems of each plant were assumed to have been 

completely developed and each plant was one of a number of the same type 

to be built. No discount credit for quantity orders of equipment was as

sumed. 

2. Indirect costs were based on the breakdown used in Ref. 22 and 

amounted to about 41^ of direct costs. 

3. The plants were located at the AEC hypothetical Middletown site 

described in Ref. 22, and river-water cooling was assumed. No thermal 

pollution problem was considered. 

4. A four-year construction schedule with a 40-hr work week and no 

overtime was assumed. 

5. Direct costs were based on June 1967 U.S. list prices, with no 

allowance for escalation. 

6. Turbine-generator costs were based on U.S. manufacturers' June 

1967 list prices, with a 7^ discoxint factor applied. 

7. Reported capital costs do not include costs of transformer and 

switchyard and do not allow for a state sales tax. 

8. Land costs were assumed to be $360,000 for all concepts. 

9. Interest during construction was based on a 6^ annual cost of 

money. 

10. Differences in net electrical ratings of various concepts (970 to 

1000 Mw) were taken into accotmt by dividing the estimated total construc

tion cost by the quantity 10^(rating/l000) °-'''̂. 

3.4 Value of Ifeterials 

The lualt costs of the materials specified are summarized below: 

Item Unit Cost 

1. Natural uranium as U3O8 

2. Unirradiated thorium as ThOg 

3. Separative work cost 

$8.00/lb 

$5.00/lb 

$26/kg 
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" Item Unit Cost 

4. Diffusion-plant tails con- 0.002 weight fraction 

centration 

5. Fully enriched ^ 3 % $ll.l8/g 

6. Depleted uranium $3/kg 

7. Fissile plutonium Five-sixths of value of fully 
enriched ^aSy. ̂ ^g^^ $9.32/g 

3.5 Fuel Cycle Cost Bases 

The bases for the fuel cycle cost estimates are given below: 

1. The reactors were assumed to be loaded initially with plutonium 

or enriched uranium and refueled with discharged plutonium until equilib

rium was reached. Excess plutonium was assumed to be sold. 

2. Levelized fuel cycle costs were based on the present worth of 

all expenditures and receipts during a reactor lifetime of 30 years, with 

a discount factor of 6%. The effective average lifetime load factor 

was assumed to be 0.8 and constant over plant life. Unit fuel costs 

were also assumed to be constant based on a 15,000-Mw(e) industry. 

3. Private ownership of fissile and fertile materials during fab

rication and processing, as well as on-site at the reactor plant, was 

assumed to be vested in the reactor plant owner. 

4. Annual charges on fissile and fertile inventories and on fabri

cation costs of fuel elements were computed at 13.2^. 

5. The reprocessing plant and fabrication plants were assumed to 

be located at the same site and to be 1000 miles from the reactor plant. 

These plants were assumed to be designed to process a single type of fuel 

element and to be capable of serving an electrical industry of 15,000-

or 30,000-Mw(e) capacity of the concept being considered. A reference 

value of 22^ per year was used as the fixed charge rate on these plants. 

6. Losses during fabrication were assumed to be 0.2^ per pass, and 

losses during processing were assumed to be 1.% per pass. 

7. Based on the spent fuel being shipped to a plant located at a 

distance of 1000 miles from the reactor site, it was assumed thatJ (a) the 

^^k maximum allowable cask weight was 120 tons fully loaded; (b) shipments 
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of spent fuel would be made by rail, and all sites would have railroad 

sidings and facilities for handling 120-ton casks; (c) rail freight rates 

would be $0.0204/lb for a full cask and $0.Ol87/lb for an empty cask; 

(d) round-trip time would be 20 days; (e) casks would be purchased at a 

cost of $1.25 per pound of cask weight, and fixed charges on casks would 

be 15^ per year, including recovery of investment, return on investment, 

taxes, and maintenance; (f) shipments would be designed to comply with 

the Code of Federal Regulations, Title 10, Part 71, and with Interstate 

Commerce Commission Order 70; and the cask woiild have the exclusive use 

of the vehicle; (g) casks could be shared among reactors of the same type, 

and when casks were shared, a maximum limit of 0. 8 was placed on the cask 

utilization factor (time in use divided by total time); (h) the cost of 

property insurance against damage to or loss of cask and contents would 

be 0.0005 times the value of the shipment; (i) it would not be necessary 

for a courier to accompany the shipment; (j) individua]. fuel assemblies 

would be canned before shipping; and (k) fuel assepiblies would not be 

disassembled before shipping. 

8. Holdup times were established separately for each concept, de

pending on the characteristics of the fuel concerned. 

3.6 Operation and IVbintenance Cost Bases 

Estimates of operation and maintenance costs were based on methods 

described in the NUS economic evaluation guide (Ref. 22, revised). Items 

in the operation and maintenance category were plant staffing, consumable 

supplies and equipment, outside support services, administrative and 

general expenses, coolant makeup, and nuclear liability insurance. Plant 

staffing costs consisted of the direct payroll plus 10% fringe benefits. 

A reference staff of 78 people was assimied for a 1000-]y6v(e) BWR or PWR 

single-unit station and was based on five-shift operation. Five more 

people were assumed for the GCFR designs because of coolant-handling 

requirements. Consumable supplies and equipment costs were based on the 

estimates for BWR and PWR plants, with adjustments made for evaluated 
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I 
differences in requirements for other concepts. The annual cost of out

side support services was assumed to be $130,000 for all concepts. Admin

istrative and general support functions were supplied through the utili

ty's central office, and the cost of these functions was estimated at 

14^ of the sum of the costs for plant staffing, consumables, and outside 

support services. The initial charges for coolant inventory were included 

in capital cost charges; the operation and maintenance component of this 

cost coveredthe cost of makeup quantities of these fluids. Nuclear lia

bility insurance cost included commercial coverage at an estimated cost 

of $240,000 per year for a lOOO-Mw(e) station and government coverage to 

a total of $560 million at an annual premium of $30 per thermal megawatt 

of reactor rating. 
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4. DESCRIPTION OF REACTORS 

4.1 Steam-Cooled Fast Breeder Reactors 

This chapter contains brief descriptive data for the low, interme-

diate^ and high pressure designs as presented by the sponsors. The 

principal design parameters for these three systems are given in Table 

4.1, with some values revised by ORNL calculations. The data are for 

the beginning of operational lifetime. 

The concepts are described here by first discussing the fuel and 

working outward through the core construction and composition; the blan

ket; the coolant flow diagrams; and the major components of the systems, 

the reactor vessels, steam generators, circulators, containment structure, 

and the shutdown and emergency cooling systems. 

4.1.1 Fuel 

The fuel material proposed for all the designs is a mixture of plu

tonium and uranium oxides, and the cladding materials include Inconel 625, 

Incoloy 800, and stainless steels. Fuel elements for the three steam-

cooled concepts are illustrated in Figs. 4.1, 4.2, and 4.3. The fuel 

rods will be pressurized internally to counteract the collapsing load on 

the cladding. The proposed maximum heat ratings vary from a low of about 

11 kw/ft in the German design to 18 kw/ft in the design for using low 

pressure steam. 

4.1.2 Core Composition and Construction 

The arrangements of the cores of the three SCBR's are illustrated 

in Figs. 4.4, 4.5, and 4.6- The incentive to maintain low water content 

in the steam-cooled systems is reflected in the low coolant fraction in 

these three designs. The core power densities range from 286 to 447 

kw/liter, and the values of average specific power range from a low of 

around 660 kw/kg for the German design to a high of 940 kw/kg for the 

high pressure steam-cooled reactor, with the low pressure system in be

tween at 740 kw/kg. The data shown do not include power generated by 

the blanket, and are averaged over equilibrium cycles. 



Tatle 4.1. General Data for Steam-Cooled Fast Reactors 

Low-Pressure 
System 

Intermediate-Pressure 
System 

High-Pressure 
System 

Reactor coolant pressure at inlet to core, psi 
Het electcic power, Mw 
Reactor thermal power, Mw 
Net station thermal efficiency, ^ 
Core volume, liters 
Core height-to-diameter ratio 
Axial blajiket thickness, ft 
Radial blanket thickness, ft 
Core volume fractions 

Fuel 
Structure 
Coolant 

Fuel type 
Fuel configuration, rods per bundle 
Cladding material 
Moderator 
Coolant 
Steam conditions to turbine, psig/°F/°P 
Coolant temperature in core, inlet/outlet, °F 
Coolant pressure in core, inlet/outlet, psi 
Coolant flow rate, Ib/hr 
Average core power density,®' kw/liter 
A-verage specific power, ̂  kw/kg fuel 

Core U + Pu 
Core fissile Pu 

Maximum linear heat rating,^ 
Maximum linear heat rating,' 

" a 

nominal, kw/ft 
hot spot, kw/ft 

Maximum J k dS,^ w/cm 
Pumping power, Mw 
Fuel-pin diameter, in. 
Length of fuel, in. 
Cladding thickness, in. 
Pin spacing, triangular pitch, in. 
Average amount of steam in core voliane, Ib/ft^ 

1,250 
1,012 
2,900 
34.9 
7,434 
0.206 
1.5 
1.2 

0.54 
0.13 
0.33 
UO2-PUO2 
391 
Inconel 625 
None 
H2O steam 
1,050/925 
567/925 
1,250/1,154 
36.9 X 10* 
353 

79 
740 
16.5 
18.1 
43.0 
101 
0.350 
29 
0.012 
0.400 
0.69't' 

2,680 
1,000 
2,519 
39.7 
8,190 
0.574 
1.18 
1.25 

0.47 
0.20 
0.33 
UO2-PUO2 
469 
Inconel 625 
None 
H2O steam 
2,350/1004/950 
710/1005 
2,680/2,534 
25.15 X 10* 
286 

74 
660 
11.1 
12.2 
29.0 
67 
0.276 
59.4 
0.015 
0.346 
1.36 

3,700 
970® 
2,326 
41.7^ 
4,160 
0.604 axinular 
1.5 
1.56/1.42 

0.42 
0.18 
0.40 
UO2-PUO2 
504 
19-9DL stainless steel 
Hone 
H2O steam 
3,300/994/950 
750/1000 
3,700/3,445 
25.51 X 10* 
447 

128 
940 
15.1 
16.6 
39.4 
46 
0.230 
57 
0.010 
0.288 
2.65 

U) 
--3 

^ailues determined by OKNL. 

The steam density used in ORHL physics calculations was 0.63 Ib/ft^, as specified in the 
initial B&.W design data. This value was revised to 0.69 Ib/ft^ in later B&W thermal hydraulics 
studies. 



Table 4.1 (continued) 

Low-Pressure 
System 

Intermediate-Pressure 
System 

High-Pressure 
System 

Blanket-pin diameter, in. 
Blanket-pin cladding material 
Number of blanket pins 
Axial blanket length, in. 

Top 
Bottom 

Axial blanket-pin diameter, in. 
Reactor pressure vessels 

Design pressiire, psi 
Design temperature, °F 
Material 
Outside diameter, ft 
Height, ft 
Wall thickness, in. 
Thermal shield thickness, in. 
Weight, excluding thermal shields and internals, lb 

Coolant circulators 
Number of circulators 
Type 
Drive 
Capacity, each, Ib/hr 
Suction pressure/discharge pressure, psi 
Inlet temperature/outlet temperature, °F 
Shaft speed, rpm 
Shaft horsepower, each 
Efficiency, ^ 
Impeller diameter, in. 

0.475 
Type 348 stainle, 
26,586 

18 
18 
0.325 

1,400 
925 
SA-302, grade 
20.8 
51 
7 
6.75 
1,000,000 

4 

B, 

ss steel 

steel 

Single-flow radial 
Turbine 
10 X 10* 
1,125/1,250 
553/585 
10,000 
35,000 
85 
24.8 

0.492 
Incoloy 800 

13.8 
13.8 
0.276 

2, 950® 
1004 
SA-302, grade 
18.26®-
39.37 
15.1® 
21.2 
1,442,000 

6 

B, steel 

Multistage axial 
Turbine 
3.73 X 10* 
2,425/2,690 
658/685 
Unknown 
15,000 

0.455 
19-9DL stainless steel 
33,462 

18 
0 
0.230 

4,100 
1000 
SA-302, grade B, steel 
17.2 
34.3 
20 
6.25 
1,194,000 

2 
Single-flow radial 
Turbine 
12.8 X 10* 
3,400/3,700 
731/750 
3,600 
30,500 
85 
31 

U) 
oa 
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Scale 1:10 

1 Inside shield 4 Inside fission zone 
2 Confioslte container 3 Outside fission zone 
3 Control rods 6 Radial breeding zone 

Fig. 4.5. Core Arrangement for Intermediate-Pressure lOOO-Mw(e) 

SCBR. 
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KiH.1.3 Blanket 

In each of the three concepts, the radial blankets are approximately 

15 to 18 in. thick, and the axial blankets consist of extensions of the 

fuel rod approximately 18 in. above the fuel section in all concepts and 

below it in all except the supercritical design. The annular core in 

the design for the supercritical steam-cooled system is sandwiched be

tween inner and outer radial blankets. 

4.1.4 Coolant Flow Diagrams 

The schematic flow diagram for the low pressure steam-cooled breeder 

reactor (SCBR) shown in Fig. 4.7 illustrates a so-called "integral" de

sign in which all recirculated steam remains inside the primary reactor 

vessel. The steam is generated by a direct contact boiler at the bottom 

of the vessel where feedwater is sprayed into direct contact with the 

superheated steam leaving the bottom of the core. In the other designs 

this boiler and the circulators are located external to the reactor ves

sel, as shown in Figs. 4.8 and 4.9. In the design illustrated in Fig. 

4.7, the only steam leaving the primary vessel is that required to op

erate the turbines that drive the electric generator and the circulators. 

Separator. 

Direct Contact 
Boiler 

Feed Water Line 

feed Water 
Heater 

feed Water 
Pump 

Fig. 4.7. Simplified Flow Diagram for a 1200-psi Steam-Cooled 
Breeder Reactor. 



1 Reactor Core 
S Inner Shielding 
3 Reactor Pressure Vessel 
4 Primary Steam Generator 
5 Loeffler Boiler 

8 Feed Water Pump 15 Heavy Cover Bridge 
9 toln Turbogenerator l6 Dry Well 
10 Reheater 17 Vent Pipe 
11 Aux.Turbogenerator l8 First Contalnnent 
12 Startup Boiler 19 Second Containment 

20 Offgas Line 
21 Sprtiy System 

Fig. 4.8. Simplified Flow Diagram and Containment System for a 2680-
psi Steam-Cooled Breeder Reactor. 
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Boiler Feed Pump 

Fig. 4.9. Simplified Flow Diagram for the 3700-psi Steam-Cooled 
Fast Breeder Reactor. 

The steam-cooled breeder reactor resembles the boiling water reac

tor in that it employs a direct cycle, with the steam from the reactor 

being used to drive the turbines. When reheat is necessary, steam-to-

steam surface heat exchangers are used, as shown in Figs. 4.8 and 4.9. 

4.1.5 Reactor Vessels 

The steel vessels used for these concepts are fabricated of mate

rials equivalent to SA 302, grade B, steel. A vertical cross-sectional 

view of the vessel for the low pressure steam-cooled breeder reactor is 

illustrated in Fig. 4.10, and the vessels used for the intermediate and 

high pressure steam-cooled reactors are shown in Figs. 4,11 and 4.12. 

The design for the low pressure steam-cooled system requires a somewhat 

larger vessel than is required for the systems with higher pressures. 

^ ^ This is caused partially by the pancake shape of the core and partially 
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\ OUftlf PIPt 

Fig. ^.11. Vertical Cross-Sectional View of the Vessel for the 
Intermediate Pressure Steam-Cooled Breeder Reactor. 
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by the incorporation of the steam generator and circulators within the 

vessel in the low pressure steam-cooled system. The German design differs 

from the B&W designs shown here in having a removable head that permits 

access for complete removal of all components inside the reactor vessel. 

Later versions of the B&.W 1250-psi SCBR may also incorporate a flanged 

upper head in addition to the refueling ports now shown. This added con

venience appears justified in view of the modest additional cost involved. 

The vessels for the low and high pressure steam-cooled systems are 

designed for fuel handling machines that operate through ports in the 

head or wall of the vessels. It is hoped that this practice will reduce 

the cost of construction, even though it may be necessary at some future 

time to cut the heads off the vessels to remove major components. 

The German steam-cooled reactor has conventional control rod drive 

systems that require penetrations through the head of the vessel. The 

1250- and 3700-psi systems designed by the Babcock &. Wilcox Company con

tain internal control rod drive mechanisms built into approximately half 

of the fuel element assemblies. These mechanisms are actuated by hydrau

lic pressure supplied from an external source through individual command 

lines penetrating the bottom of the vessel in a manifolded penetration. 

This is a novel means for driving control rods that will require some de

velopment. Lacking adequate development or success in developing the 

design of these mechanisms, it is reasonable to assume that the more con

ventional approach adopted in the German design is also applicable in the 

other steam-cooled systems. 

4.1.6 Steam Generators 

The steam for cooling all concepts is generated by what is known as 

a Loeffler boiler in which steam from the reactor is mixed with the feed-

water to produce equilibrium saturated steam, which is then piped to the 

suction of the steam circulator. In the intermediate and high pressure 

steam-cooled systems, this boiler is outside the reactor vessel. The 

high pressure "boiler" is simply a mixing tee because no change of phase 

is required in the supercritical region. In the intermediate pressure 

^^team-cooled system, the boiler consists of a separate vessel outside 

^^he reactor vessel in which the feedwater is sprayed into the entering 
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steam flow at the top of a vessel, the mixture falls downward, reverses 

direction, deposits excess water in the bottom of the vessel, and leaves 

at an exit near the top. Steam from the boiler is then pumped back to 

the reactor vessel to cool the reactor. 

At a lower pressure, the latent heat of vaporization is higher, and 

a greater amount of superheated steam is required in the boiler for the 

low pressure steam-cooled system. This makes it advantageous to circu

late the heating steam within the vessel rather than through pipes out

side the vessel because the size of the pipes carrying the steam would 

be very large. Therefore, the steam generators for the low pressure 

steam-cooled reactor are located in the bottom of the reactor vessel, 

and the circulators are inserted through penetrations in the wall of the 

vessel. Thus, all the recirculated steam remains inside the vessel, and 

only that required for driving the turbines is carried outside the ves

sel through pipes. 

4.1.7 Circulators 

Centrifugal circulators are used in all but the intermediate pres

sure steam-cooled system, which has a multistage axial flow machine. All 

circulators are turbine driven, with the drive turbines exhausting either 

to feedwater heaters, condensers, or the low pressure cylinder of the 

main turbines. In most cases, throttle steam for these drive turbines is 

taken directly from the main steam leaving the reactor core. 

4.1.8 Containment 

Containment philosophy for the steam-cooled breeder reactors varies 

according to the designer and his current thinking. The cross-sectional 

view of the reactor vessel for the low pressure steam-cooled reactor. Fig. 

4.10, shows the closely fitting secondary containment structure around 

the primary reactor vessel. This containment vessel is designed so that 

a rupture of the primary system within its confines would result in only 

a partial reduction of pressure. As long as the external piping remained 

intact and the cooling system remained functional, it would be possible 

to continue cooling the reactor by pumping feedwater into the boiler sec

tion of the vessel, generating steam, and circulating it through the core. 
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Cf the coolant system were not functional, the pressure resulting from 

this type of failure would still be high enough for some convective cool

ing and for adequate cooling by use of the emergency and shutdown cooling 

systems. A third vessel designed for a low pressure surrounds the entire 

system to contain the fluids released in event of rupture of the secondary 

vessel shown in the figure. 

The intermediate pressure steam-cooled breeder reactor is contained 

in a secondary gastight container designed for a pressure of approximately 

37 psig. This container is cast into the foundation of the reactor build

ing. The reactor building is also gastight, and both the building and the 

containment vessel are entered only through air locks. The containment 

systems for all three concepts are described more completely in Ref. 20. 

4.1.9 Shutdown and Emergency Cooling Systems 

The shutdown and emergency cooling system proposed for use in the 

low pressure steam-cooled reactor system is illustrated in Fig. 4.13, and 

lig. 4.13. Diagram of Shutdown and Emergency Cooling Systems for 
Low-Pressure Steam-Cooled Fast Breeder Reactor. 
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a diagram of the system proposed for use in the intermediate pressure 

steam-cooled reactor system is shown in Fig. 4.14. The low pressure sys

tem provides for operation of the circulators under shutdown conditions 

by diverting the drive-turbine exhaust steam to an emergency condenser 

so that normal flow of the coolant within the reactor can be maintained. 

As a last resort, the core spray system is provided to supply water from 

the feedwater storage tank to sprays above the reactor core. The inter

mediate pressure steam-cooled reactor design includes two secondary steam 

CORE SPRAY SYSTEM 

FEEDWATER 

CONDENSATE 
STORAGE 

HEAT 
EXCHANGER 

(FOR 
FLOODED 

CORE) 

jdQ 

REACTOR 

SHUTDOWN COOLING 
SYSTEM 

LOEFFLER 
BOILER 

( 2 ) 
) FEED 
'WATER 

SECONDARY/ \ 
STEAM I U 

CIRCULATOR \ 

(4) V ^ 

SECONDARY 
STEAM 

GENERATOR 
(2 ) 

Fig. 4.14. Shutdown and Emergency Cooling Systems for Intermediate 
Pressure Steam-Cooled Fast Breeder Reactor. 
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^«ystems operating continuously during reactor operation, and a special 

cooling system in parallel with the secondary and primary steam systems 

for operation when the reactor is flooded after shutdown. An emergency 

core spray system is provided as backup for those systems. 

4.2 Gas-Cooled Fast Reactors (GCFR) 

The gas-cooled fast breeder reactor (GCFR) is a helium-cooled reactor 

• that utilizes stainless steel-clad^small diameter oxide fuel pins. The 

reactor core, helium circulation system, and steam generators are housed 

in a prestressed concrete pressure vessel, which also serves as the bio

logical shield. Electricity is generated from a high pressure steam cycle 

with a net plant thermal efficiency of about 40^. 

Three GCFR designs were developed by GGA. These arei 

1. reference oxide fueled design with relatively high values for maximum 

pin heat rating and cladding temperature (GGFR-4); 

2. derated oxide fueled design (GCFR-4D); limit on cladding temperature 

set 50°C below that for reference design; and 

3. reference carbide fueled design (GCFR-C). 

4.2.1 Oxide Fueled GCFR-4 

The oxide fueled GCFR-4 designs are intended to illustrate the pros

pects of the gas-cooled fast breeder system in its early stages of de

velopment; it will have a well-understood fuel (mixed oxides in round 

stainless steel tubing), and the coolant pressure will be limited to 

present containment capability. The designs have not been fully opti

mized but should be representative of the cost potential to be realized 

from fully developed GCFR designs with oxide fuels. The reference de

sign, GCFR-4, is considered by GGA to represent performance characteris

tics achievable after a reasonable amount of research and development. 

The derated design, GCFR-4D, has slightly more conservative temperature 

requirements and is based on a 650°C maximum nominal cladding temperature, 

compared with 700°C for the reference design. Steam conditions were al

tered to suit the new core temperature rather than arbitrarily requiring 

^^that the steam conditions be the same as for the reference design. Some 
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principal characteristics of the two oxide fueled designs are given in 

Table 4-.2. 

The entire primary system, including the steam generators, the he

lium circulators, and the reactor core, is housed within a prestressed 

concrete pressure vessel (PCRV), as illustrated in Fig. 4-.15. The de

sign features use of a horizontal PCRV that houses a centrally located 

vertical reactor core, with four boilers and associated circulators lo

cated in internally isolated compartments at either end of the vessel. 

The PCRV has double containment of all penetrations, individual access 

standpipes above each core and blanket element, and a water-cooled, but 

uninsulated, steel liner. The whole primary circuit flow path is con

fined within insulated ducting and shells surrounding the reactor and 

Jf'ig. 4-. 15. Artist's Concept of the Prestressed Concrete Reactor 
Vessel and Internals for the lOOO-Mw(e) Gas-Cooled Fast Reactor. 



Table 4.2. Summary of Oxide-Fueled GCFR Design Characteristics^ 

GCFR-<i Reference Design GCFR-4D Derated Design 

CO 

Power 
Reactor nuclear power, Mw 
Net electrical power, Mw 
Net thermodynamic efficiency, Ĵ  

Coolant 
Composition 
Core inlet pressure, psia 
Reactor pressure drop, psi 
Flow rate, Ib/hr 
Temperatures, °F 

Reactor inlet 
Core inlet 
Core outlet 
Reactor outlet 

Steam plant conditions 
Leaving superheater 

Pressure, psia 
Temperature, °F 

Condenser pressure, in. Hg 
Core thermal performance (at 100^ power) 

Peak linear heat rating, kw/ft 
Maximum cladding surface temperature, °F (°C) 

Nominal 

Local hot spot 
Maximum interior fuel temperature," °F 

Nominal 
Local hot spot 

t'eak-to-average core power ratio 
Mean core power density, kw(th)/liter 
Mean fissile fuel rating, Mw(th)/kg 

Core and blanket description 
Active core volume, liters 
Active core length, cm (in.) 
Active core diameter, cm (in.) 
Axial blanket thickness, cm (in.) 
Radial blanket thickness, cm (in.) 
Core length-to-dlameter ratio 
Fuel material (core) 
Fuel materisuL (blanket) 
Fuel distribution 

(°C) 

2530 
1000 
39.5 

Heliim 
1250 
42.6 
12.53 X 10*̂  

629 (332) 
635 (334) 
1133 (639) 
1190 (643) 

2515 
1000 
1.5 

17.8 

1315 (713) 
1435 (779) 

4935 (2724) 
5205 (2824) 
1.47 
280 
0.86 

8510 
148.2 (58.4) 
269.5 (106.0) 
60 (23.6) 
51 (20.1) 
0.55 
Mixed Pu and depleted UO2 (90jS T.D.) 
Depleted UO2 (90jg T.D.) 
Uniform axially; zoned radially to give 
1.2 radial maximum-to-mean ratio 

2681 
1000 
37.3 

Helium 
1250 
42.6 
14.44 X 10^ 

589 (308) 
595 (313) 
1088 (587) 
1094 (590) 

1850 
900 
1.5 

16.3 

1205 (652) 
1315 (713) 

4765 (2629) 
5039 (2787) 
1.47 
260 
0.82 

9712 
154.8 (60.9) 
281.5 (110.8) 
60 (23.6) 
51 (20.1) 
0.55 
Mixed Pu and depleted UO2 (90^ T.D.) 
Depleted UO2 (90Ĵ  T.D.) 
Uniform axially; zoned radially to give 
1.2 radial maximum-to-mean ratio 

Tabulated values are results of OKNL review. 

Calculated fuel temperatures above melting point of the oxide (4950°F) indicate that, 
according to ORNL calculations, local melting will probably occur. 



Table 4.2 (continued) 

GCFR-4 Reference Design GCFR-4D Derated Design 

Core fuel box 
Structure 
Fuel box length 

Active length, cm (in.) 
Top and bottom blankets (each), cm (in.) 
Total length, cm (in.) 

Fuel box inside dimension (square), cm (in.) 
Fuel box thickness, cm (in.) 
Coolant void fraction in box 
Core pin design 
Fuel pellet diameter, cm (in.) 
Fuel pellet central hole diameter, cm (in.) 
Can thickness, cm (in.) 
Can material 

Fuel rod diameter, cm (in.) 
Fuel rod pitch (square), cm (in.) 
Number of rods per box 

Standard boxes 
Control-rod boxes 

Number of boxes 
Standard boxes 
Control-rod boxes 

Core volume fractions 
Fuel (90jS T.D.) 

Fuel in square pitched boxes of 225 rods Fuel in square pitched boxes of 225 rods 

Central hole 
Cladding 
Box structure. 
Coolant 

gaps, and control-rod blockage 

Radial blanket box 
Fuel pellet diameter (no central hole), cm (in.) 
Can thickness, cm (in.) 
Fuel rod diameter, cm (in.) 
Fuel rod pitch, cm (in.) 
Roughening 
Coolant void fraction in box 
Number of boxes 

Standard boxes 
Control-rod boxes 

148.3 (58.4) 
60 (23.6) 
284.5 (112) 
17.12 (6.75) 
0.23 (0.09) 
0.609 
Pressure equalized, partially roughened 
0.739 (0.291) 
0.147 (0.058) 
0.0295 (0.0116) 
Stainless steel 
0.805 (0.317) 
1.141 (0.450) 

225 
189 

164 
21 

0.2896 
0.0120 
0.0501 
0.1000 
0.5483 

1.0000 

1.092 (0.430) 
0.051 (0.020) 
1.194 (0.470) 
1.321 (0.520) 
None 
0.354 

154 

154.7 (60.9) 
60 (23.6) 
289.6 (114) 
16.95 (6.67) 
0.23 (0.09) 
0.626 
Pressure equalized, partially roughened 
0.716 (0.283) 
0.142 (0.056) 
0.0287 (0.0113) 
Stainless steel 
0.708 (0.307) 
1.130 (0.445) 

225 
189 

180 
21 

0.2772 
0.0114 
0.0480 
0.1000 
0.5634 

1.0000 

1.092 (0.430) 
0.051 (0.020) 
1.194 (0.470) 
1.321 (0.520) 
None 
0.354 

162 

'Unless noted, blanket specifications are identical to those for the core. 
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the boilers, and thus the main internal compartments are at substantially 

room temperature. These compartments are continuously purged by clean 

helium. The PCRV has an exterior shape of a square prism 140 ft long 

and 55 ft square. The internal cavity has a transverse cross section 

which is that of a supercircle with a maximum span dimension of 35 ft 

and a minimum span dimension of 31 ft. The cavity length is 110 ft. Pre-

stressing in the PCRV is accomplished by a system of posttensioned steel 

tendons running axially, circumferentially, and across the ends. 

The reactor core is assembled inside a vertical cylindrical steel 

pressure shell, called the core barrel, which spans the PCRV from top to 

bottom. The core barrel serves the multiple purpose of supporting the 

core grid plate, containing and directing the flow of coolant, and act

ing as a thermal shield. The core consists of bundles of small diameter 

fuel rods contained in thin walled square metal boxes. These fuel boxes 

are cantilevered downward from the deep section grid plate. A pictorial 

schematic view of the fuel element and grid plate arrangement is shown 

in Fig. 4.16. Figure 4.17 shows a plan view of the core and cross sec

tions of the standard core and blanket elements. 

Both oxide fueled designs have stainless steel clad oxide fuel pins 

about 0.3 in. in diameter. The cladding surface is intentionally roughened 

over approximately 60 to 70^ of the active core length to optimize pumping 

power versus maximum cladding temperature. This roughening is designed 

to enhance the heat transfer coefficient in the downstream portion of the 

core and,thereby*prevent excessive cladding surface temperatures. 

Previous GCFR designs by (3GA had hermetically sealed fuel pins, with 

the internal fission product gas pressure buildup being limited by pro

viding a void extension about 3 ft long at the upper end of each fuel pin. 

The designs reviewed in this study incorporate an alternate fuel element 

design recommended by GGA-*-̂  that has a pressure equalizing collection 

system to vent the fission product gases to a receptacle that is isolated 

from the coolant system. This manifolding system eliminates the large 

gas pressure differential across the cladding but does not allow the fis

sion product gases to escape into the local coolant, as has been proposed 

^^OT sodium-cooled reactors. 
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Fig. 4.16. Artist's Concept of Fuel Element for lOOO-Mw(e) GCFR-4. 

Refueling is carried out with the reactor shut down and at atmo

spheric pressure, with either air or helium in the vessel. The fuel 

handling machine is placed in the large plenum space beneath the core by 

raising it through a port in the botttom of the vessel. This machine has 

a vertical receptacle tube that can be positioned under any core or blan

ket element. Spent fuel elements are removed from the core by lowering 
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ĉ  

Fig . 
GCFR-4. 

4 . 1 7 . Plan View of Core, Fuel Element, and Blanket Element of 



62 

them into the receptacle tube by means of reach rods extending through 

the nozzles in the top of the pressure vessel. They are then transferred 

to a spent fuel removal port in the bottom of the vessel, through which 

they are discharged to a storage pit beneath the vessel. New fuel is 

handled with the reverse of this procedure through another bottom port. 

Cooling of the fuel is provided during all stages of the fuel transfer. 

The fuel cycle utilizes single batch loading of the core with the 

plutonium-to-uranium ratio chosen to give roioghly flat reactivity as a 

function of time. The axial blankets are replaced with each core load

ing, since the core and axiaJ. blankets are loaded in a continuous fuel 

rod. The inner third of the radial blanket is replaced with each core 

loading, and the outer two-thirds is replaced every third cycle. 

4.2.2 Reference Carbide Fueled Design (GCFR-C) 

The carbide fueled design is intended to demonstrate the performance 

potential achievable in a more advanced version of the (JCFR, such as might 

be available by the end of the period 1980 to 1990. The performance goals 

for an improved reactor include breeding with short doubling times and the 

production of low cost power. To achieve these ends, carbide fuel was 

selected because of its advantages in fuel density, thermal conductivity, 

and conversion ratio. In addition, the working pressure was raised from 

1250 to 1750 psi, -v̂ iich allows a considerable increase in core power den

sity and fuel specific power. 

Principal characteristics of oxide and carbide fueled GCFR's are 

compared in Table 4.3. The use of carbide fuel and a higher working pres

sure leads to core volumes about one-half those of the oxide design,and an 

increase in specific power of about 70^. Since carbide fuel permits the 

fuel elements to be operated at higher linear heat ratings due to its im

proved conductivity compared with that of oxide fuel, 30 kw/ft is speci

fied as the heat rating for this new design. However, film heat transfer 

requires lower gas outlet temperatures with higher linear heat ratings 

unless the cladding temperature is increased. For this reason, the car

bide fueled design is based on an outlet temperature of 1088°F, as com

pared with 1175°F for the oxide fueled design; and therefore the carbide 

fueled design utilizes a 900°F steam cycle rather than the 1000°F cycle 
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Table 4 . 3 . Comparison of Oxide- and Carbide-Fueled GCER Designs^ 

GCFR-4, Reference 
Oxide-Fueled 

Reactor 

GCFR-C, Reference 
Carb i de-Fuele d 

Reactor 

Common condi t ions 
Coolant 
Total pumping power fraction, ^ of 
thermal 

Design maximum cladding temperature, °F 
Cladding (stainless steel) thickness-to-
diameter ratio 
Control-rod and structure blockage, % 
Net electric output, Mw 
Average enrichment of fresh core fuel , 

2^^Pu + 2*^Pu/u + Pu 
Plutonium isotopic content 

Appropriate core proportions 
Core length-to-diameter ratio 
Core volume, liters 
Active length, cm 
Active diameter, cm 
Fuel volume fraction 
Coolant volume fraction 
Rod diameter, cm 
Number of rods 

Operating conditions 
Thermal power, Mw 
Core pressure, psi 
Gas inlet temperature, °F 
Gas outlet temperature, °F 
Steam conditions 

Outlet temperature, °F 
Reheat temperature, °F 
Feed temperature, °F 
Pressure, psi 

Net plant efficiency 
Performance 

Maximum rod heat load, kw/ft 
Specific power, total Mw(th)/kg core 
fissile at startvrp 

Power density, kw/liter 
Conversion ratio, average 
Assumed maximum burnup, Mwd/MT 
Core life, years 
Out-of-pile time, year 
Fractional increase in fissile pluto-
nium per cycle 
Exponential doubling time, years 

Helium 
4 

1292 
0.04 

10 
1,000 
0.127 

Equil ibr ium from 
core-blanket mix 

0.55 
8,510 
148 
270 
0.29 
0.55 
0.805 
40,000 

2,530 
1,250 
644 
1175 

1000 
1000 
375 
2,400 
0.395 

18 
0.90 

277 
1.51 
105 
2.29 
1.0 
0.27 

8.8 

Helium 
4 

1292 
0.04 

10 
1,000 
0.127 

Equil ibr ium from 
core-blanket mix 

0.40 
4,030 
93 
234 
0.30 
0.53 
0.736 
37,000 

2,680 
1,750 
599 
1088 

900 
900 
275 
1,800 
0.373 

30 
1.50 

615 
1.60 
1.4 X 10^ 
2.49 
0.5 
0.62 

4 .3 

iJnevaluated GGA data taken from Ref. 16. 
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of the oxide fueled design. The core plan for the carbide fueled (X3FR ^ 

is illustrated in Fig. 4.18. The fuel element for this reactor incorpo

rates the pressure equalizing vented fuel concept discussed previously 

for the oxide fueled designs. 

The C}CFR-C design, being of a later type of GCFR, is based on use 

of a multicavity PCRV. The multicavity PCRV comprises a cylindrical block 

of prestressed and reinforced concrete containing multiple cavities in 

which the reactor core and the steam generators are individually contained. 

The core is located in the central cavity of the vertical, cylindrical 

vessel and is surrounded by six steam generators in individual cavities. 

The main circulators are located in the PCRV head above the steam genera

tors . Auxiliary circulators are located in individual cavities and con

nected by passages to the core and steam generator cavities. This design 

was chosen over the single cavity arrangement, partly because it appears 

better suited to the higher coolant pressure. 

The vertical, cylindrical exterior of the PCRV is adaptable to pre-

stressing with either tendons or wire. Preliminary studies on the HTGR 

indicate that wire winding is cheaper than tendon prestressiigand, on 

this basis, it is tentatively planned that the GCFR-C multicavity vessel 

be wire wound. Another notable feature of the multicavity PCRV is the 

considerable alleviation of the problem of prestressing and reinforcing 

steels in the region of the closely spaced vessel penetrations above the 

core. In the multicavity PCRV, there will be no need for tendons to pass 

through this region. The prestressing of the vessel heads will be done 

by means of the circumferential winding around the vessel. Vertical ten

dons surrounding the cavities and reinforcing steel above and below will 

complete the head restraints. It is significant that the freedom from 

head tendon space restrictions permits use of triangular fuel rod and 

box pitches that benefit hydraulic and mechanical core performance. 

The fuel management program for the CJCFR-C provides batch movement 

for the core with four radial zones of varying enrichment, as was se

lected for the oxide fueled designs. The average core enrichment is 

chosen to give uniform reactivity as a function of time. At each core 

reloading, inner blanket elements from blanket zone 1 are discharged. 



CORE PLAN 

ON 

Fig. 4.18. Plan View of Core, Fuel Element, and Blanket Element of 
Carbide Fueled GCFR. 
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outer elements are moved inward, and blanket zone 2 is charged with fresh 

material. (As a proposed method of handling in the GCFR-4, the blanket 

was divided into two zones, with the inner one comprising one-third of 

the blanket volume and the outer one two-thirds. The inner zone was to 

be discharged every core cycle and the outer one every three core cycles.) 

The design data for the GCFR-C were generated by GGA late in the 

evaluation studies reported here. Consequently, there was not sufficient 

time for ORNL to carry out a technical evaluation. The results of GGA 

design studies are presented in other sections of this report, along with 

ORNL estimates of power costs based on those results. 
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" 5. TECHNICAL EVALUATION 

5.1 Steam-Cooled Breeder Reactors 

The three steam-cooled, reactors covered by this evaluation do not 

comprise a set of con̂ jarable concepts representing optimum designs for 

each set of conditions. The two B&.W designs (supercritical and low pres

sure) are not directly comparable because neither is a fully optimized 

design and because of evolution in design approaches in the time interval 

between the two studies. The intermediate pressure design by the Karlsruhe 

group represents the thinking of an entirely different group, who approached 

the problem on a more conservative basis. The evaluation work followed 

the ground rules stated in Chapter 3 in that all concepts were reviewed 

and analyzed with the use of the best available current data on physics, 

thermal-hydraulic analysis, fabrication and engineering practices, and 

cost data. Attempts were also made to incorporate equivalent engineered 

safeguards where they were lacking so that all three concepts would be 

essentially equal in that respect. Even if each design had been optimized 

by its proponent, application of the ground rules of this evaluation would 

probably have shifted the optimum in each case. 

This chapter contains the summaries of the various parts of the 

evaluation carried out at ORNL. 

5.1.1 Physics 

Physics evaluation of the concepts was devoted to determining power 

distributions, Doppler and density coefficients, complete mass balances 

throughout the life of the reactors, and the resultant breeding ratios 

and doubling times. As was expected, the presence of steam in the core 

and its softening effect on the neutron spectrum reduces breeding ratios 

relative to those obtainable in other fast reactors in which hydrogen is 

not present. The physics characteristics of the three concepts are sum

marized in Table 5.1. 

5.1.1.1 Reactivity Effects of Coolant Density. Effective multipli

cation factors were calculated for conditions ranging from complete loss 

^ ^ f coolant to complete flooding with room temperature water. In these 



Table 5.1. Physics Characteristics of Steam-Cooled Fast Reactors 

Low-Pressure 
System 

Intermediate-Pressure 
System 

High-Pressure 
System 

Inlet steam pressure, psi 

Fuel-cycle data 

Fuel management 
Core and axial blanket 
Radial blanket 

Core heavy-metal inventory, kg 
Axial blanket heavy metal, kg 
Radial blanket heavy metal, kg 
Total heavy-metal inventory, kg 
Average core fissile inventory, kg 
Average axial blanket fissile inventory, kg 
Average radial blanket fissile inventory, kg 
Average out-of-reaotor fissile inventory, kg 
Total fissile inventory, kg 
Fissile specific power, kw(th)/kg (total) 
Median fission energy, kev 
Core conversion ratio (Pu only) 
Total breeding ratio (Pu only) 
Fuel yield, ^ per year 
Doubling time, years 
Maximum fuel exposure, 
Average fuel exposure. 

Core 
Axial blanket 
Radial blanket 

Core life, years at 0. 
Out-of-reactor Pu holdup, year 

Mwd/MT 
Mwd/MT heavy metal 

power factor 

Power-peaking factors 

Axial 
Beginning of life 
End of life 

Radial 
Beginning of life 
End of life 

Reactivity coefficients 

Doppler, Z\k/°K 
normal conditions 
Voided core 

Density effects of complete voiding, Ak 
Beginning of life 
End of equilibrium cycle 

Effect of flooding at 62.4 Ib/ft^, Ak 
Beginning of life 
End of equilibrium cycle 

1,250 

Batch 
Batch 

33,012 
34,900 
20,860 
88,772 
3,554 
322 
207 
1,354 
5,437 
533 
160 
0.98 
1.38 
5.90 
12 
100,000 

70,000 
5,800 
2,000 
3.02 
1.0 

1.21 
1.16 

1.21 
1.48 

-8.6 X 10"* 
-7.6 X 10"* 

0.0094 
0.0073 

0.1664 
0-.0691 

2,680 3,700 

One-third 
One-third 
cycle 
31,800 
14,162 
38,595 
84,556 
3,530 
60 
247 
1,320 
5,157 
488 
120 
1.01 
1.14 
1.84 
38 
100,000 

57,500 
4,100 
4,000 
2.65 
1.0 

scatter 
each alternate 

Batch 
One-third each cycle; two-thirds 
each alternate cycle 

14,492 
4,600 
36,200 
55,292 
1,980 
19 
327 
1,472 
3,798 
612 
30 
0.63 
1.11 
1.70 
41 
100,000 

58,000 
5,400 
5,100 
1.58 
1.0 

1.33 
1.33 

1.44 
.L.44 

-16.0 X 10" 

0.0209 
0.0188 

0.0115 

1.72 
1.39 

1.11 
1.09 

-7.2 X 10"* 

0.0050 
-0.0384 

0.0438 
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^Calculations, the control rods were assumed to remain in their operating 

positions during the change in coolant density. For the intermediate 

and low pressure systems, the normal steam density is at or near the den

sity for minimum reactivity. Loss of coolant at beginning of life results 

in increases in the effective multiplication factors of 0.009, 0.021, and 

0.005 for the low, intermediate, and high pressure systems, respectively. 

Flooding at end of life results in increases in the effective multiplica

tion factors of 0.069, 0.012, and 0.044 for low, intermediate, and high-

pressure systems, respectively. The ma.ximum effect of flooding occurs 

at beginning of life in the low pressure system when the change in effec

tive multiplication factor is 0.ir66. If flooding is determined to be a 

credible situation, the reactivity worth of the control system will have 

to be increased to insure the control of this condition in the low pres

sure system. 

5.1.1.2 Breeding Ratios. The breeding ratios calculated for the 

SCBR's are about 1.38 for the low pressure system, 1.14 for the interme

diate pressure system, and 1.11 for the high pressure system. The dif

ferences between these values and those calculated by the design sponsors 

are not large relative to the uncertainties involved in calculating this 

parameter. 

Figure 5.1* indicates the limits of coolant volume fraction and water 

density of the core that must be maintained in order for breeding ratios 

greater than 1.0 to be achieved. The areas below the curves represent 

the conditions for breeding; those above the curves represent lower con

version ratios. 

The breeding ratio for the supercritical system cannot be meaning

fully plotted on Fig. 5.1. The data in this figure are based on Inconel 

fuel cladding, whereas the revised high pressure system has 19-9DL stain

less steel fuel cladding. Estimates show that the use of Inconel cladding 

would, indeed, lower the breeding ratio for the high pressure system to 

well below 1.0. In addition the data of Fig. 5.1 were developed for a 

core volume of 8000 liters, which is nearly the volume of the intermedi

ate and low pressure systems but is nearly twice that of the present 

*This figure was taken from Fig. 15 of Ref. 8. 
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Fig. 5.1. Allowed Combinations of Water Density and Steam Volume 
in an 8000-liter SCBR Core. 

high pressure system. It may be seen from the curves for breeding ratios 

of 1.0, 1.1, and 1.2, that the locations of the low and intermediate 

pressure reactor designs on the chart are in fairly good agreement with 

the breeding ratios calculated in the evaluations of these reactors. 

5.1.1.3 Doubling Times. The doubling times calculated are 12 years 

for the low pressure system, 38 years for the intermediate pressure sys

tem, smd 4-1 years for the high-pressxire system. 

5.1.1.4 Power Distributions. The power distributions obtained by 

OBMJ are slightly less favorable than those presented by the proponents 

of the intermediate and low pressure systems. Meiximum radial peak-to-

average power distributions calculated by ORNL are 1.4-8, 1.44, and 1.12 

for the low, intermediate , and high pressure cores, respectively. These 

distributions are very sensitive to small chajiges in relative enrichments 

of fuel zones. The distributions quoted by OKNL can be iirrproved by small 



71 

adjustments in the relative enrichments. The improvement may be possible 

only at one time during a cycle, so the power density must be evaluated 

carefully as a function of time. In these calculations of power distri

butions, the poison in the control rods was assumed to be vinifonnly dis

tributed so that any effect the control rods would have on power distri

bution was not considered. 

In the high pressure design, B&W appears to have been successful in 

their goal of shifting the axial power peak toward the low teirrperature 

irilet end of the core. Whether this is of significant advantage to the 

design was not evaluated. 

5.1.2 Thermal-Hydravilic Analysis 

All three designs were analyzed to determine the flows, pressure 

drops, and temperature distributions throughout the cores and blankets. 

The points of concern in this ajialysis were overall pressiire drop, the 

flow distribution across the core in relation to the power distribution, 

the maximum teirrperature of the fuel cladding surface, and the majcimum 

teB5)erature at the center of the fuel. 

Based on the Heinemaji correlation,^-' with a leading coefficient of 

0.0133, and engineering factors that accounted for variations in flow, 

dimensions, and fuel composition, it was found that the fuel cladding 

surface temperature in the low pressure reactor was below the maximum 

permissible tenrperature of 1350°F, and in the intermediate pressure re

actor it was below 1200°F. The Westinghouse correlation̂ '̂  for heat trans

fer to supercritical steam gave a maximum surface temperature about equal 

to the design limit of 1350°F for the high pressure design. 

5.1.2.1 Possibility of Fuel Melting. If the melting point of the 

irradiated mixed uranium and plutonium oxides is assumed to be about 

4900°F, only the intermediate pressure design meets the criterion of no 

fuel center melting. It is estimated that some center melting would 

occur in the other two designs for which the linear heat ratings reach 

maximum values of 15 to 16 kw/ft. It was estimated that for a tempera

ture of 1532°F at the surface of the vibration packed powder inside the 

cladding and a center-line tenrperature of 4900°F, the majcimum heat that 

could be removed from the fuel per unit length of fuel rod would be about 
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13 kw/ft. For the concepts being examined, the surface temperature of 

1532°F at the surface of the vibration packed fuel is representative. The 

use of pelletized fuel would yield a higher linear rating without center-

line melting for the given fuel surface t'emperature, and both fuel forms 

would yield higher fuel ratings if the surface temperature were reduced. 

5.1.2.2 Linear Heat Ratings and Surface Temperatures for No Fuel 

Melting. The maximum linear heat rating compatible with the requirement 

that no center melting occur was calculated as a function of the outer 

cladding stirface tenrperature. The maximum center-line temperature was 

taken as 4900°F, and two types of fuel were considered: (l) vibration 

packed mixed oxides of uranium and plutonium with a theoretical density 

of 65'^ and (2) sintered pellets of the mixed oxides with a theoretical 

density of 95^. The first is the fuel that is proposed for the designs 

in the present steam-cooled fast breeder reactor study, and the second 

is representative of the fuels proposed for the liquid raetal-cooled fast 

breeder reactors. 

Where the cladding surface tenrperature is 1350°F, the results indi

cate linear heat ratings of about 17 kw/ft for pelletized fuel and about 

13 kw/ft for vibration packed oxide fuel. It should be kept in mind that 

these linear heat ratings are those which occur at the same position on 

the rod that the selected surface tenrperature occurs, whereas the peak 

temperature and the peak heat generation do not necessarily occur at the 

same point in the reactor. 

5.1.3 Materials 

A possible area of concern may be oxidation and potential swelling 

of the UOa-PuOa fuel in a defective or failed fuel element if sufficient 

free oxygen is present in the steam. It appears that compatibility be

tween fuel and steam will be satisfactory if no excess oxygen is present. 

The compatibility of coolant and cladding appears satisfactory for Inconel 

625 and/or Incoloy 800. The type 19-9DL stainless steel cladding may 

suffer stress corrosion cracking and also is much less resistant to oxi

dation than Inconel and Incoloy. Radiation effects on cladding are rec

ognized as a potential problem in that reduced ductility would reduce 

stress rupture life at the low strain rates involved. On this basis, the 
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^^uel element life was limited to that at which the increasing cladding 

stress from fission gas pressure would develop ifo cladding strain. Average 

burnup levels in the peak rod based on this criterion are approximately 

100,000, 56,000, and 62,000 Mwd/WT for the low intermediate and high 

pressure designs, respectively. These values may be increased if more ple

num volume is provided. The high and intermediate pressure concepts were 

designed for 50,000- and 55,000-Mwd/MT peak burnup, respectively, and would 

require additional void plenum volume to achieve 100,000-Mwd/MT maximum 

burnups. The low pressure concept was designed for 100,000-Mwd/MT average 

burnup and appears satisfactory from the aspect of fission gas pressures. 

For all the steam-cooled reactors, it is proposed to use prepressuri-

zation of the fuel rods to prevent cladding collapse under initial oper

ating conditions. Calculations indicate that in the high and low pres

sure designs the internal pressures for this prepressurization should be 

increased. For the low pressure design this is a relatively minor prob

lem, and the necessary increase could probably be accommodated in the 

high pressure design if Inconel 625 cladding could be used. The 19-9 DL 

stainless steel cladding is not so strong, and there is not sufficient 

data to allow an estimate of the burnup that might be allowable. 

All three designs were assumed to operate to a point maximum fuel 

burnup of 100,000 Mwd/MT for purposes of economic comparisons. It appears 

possible to achieve a suitable combination of fission product gas plenum 

volume and initial prepressurization to accommodate the fission product 

gases while holding cladding stresses to an acceptable level. It should 

be pointed out in reference to fuel pin pressurization that problems of 

quality control and inspection may be significant. 

The development of cladding strain from fuel swelling is dependent 

on the creep strength of the cooler outer layer of fuel, which may be a 

function of stress, rate of stress application, character and amount of 

pore volume, fission rate, and external restraint. Thus, rapid thermal 

cycling may create plastic cladding strain through differential thermal 

expansion, whereas similar increases in fuel volume that developed more 

slowly would be accommodated by yielding of the fuel. This problem is 

^^common to all proposed fast reactor designs, and we believe that experi-

^^mental tests will be required to evaluate effects of such fuel cladding 
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mechanical interactions on burnup limits as a function of the operation 

environment. 

5.1.4 Conrponents 

In comparing the three plants, it was apparent that differences in 

design philosophy accounted for as much or more difference in the three 

designs than the difference in steam conditions. The intermediate pres 

svtxe design is more conservative than the other two in thermal performance 

of the reactor and in the design of the external heat transfer ajid steam 

circulation systems. The high pressure design has a more compact layout 

than the other two. Further differences among the three concepts are in 

the containment system designs, the emergency cooling system designs, and 

the turbine-generator selections. 

5.1.4.1 Reactor Vessel. The proposed reactor vessels are considered 

feasible to build in present day manufactiuring facilities, except that 

construction of the two-layer vessels for the 3700- and 2680-psi designs 

may require some development. The welded-on heads for the two B&W designs 

will require assembly and postweld heat treatment in the field to avoid 

damage to vessel internals during shipment. Elimination of the bolted 

flanges reduces the costs of the vessels but complicates the initial as

sembly and later access if replacement of internals becomes necessary. 

The maximrmr integrated neutron dose (E > 1 Mev) to the three reactor 

vessels was calculated to be 1.4 X 10^° neutrons/cm^ for the 3700-psi de

sign, 2.5 X lO-"-̂  neutrons/cm^ for the 2680-psi design, and 2.6 X 10^° 

neutrons/cm^ for the 1250-psi design for a 30-year life of the vessel. 

Present design practice for SA-302, grade B, steel is to limit the expo

sure of the vessels to below 2 x lO"""̂  to 4 x lO"""̂  neutrons/cm^ (E > 1 Mev) 

over the life of the vessel. To meet this criterion, additional thermal 

shield thickness will be required in the vessels for the high and low 

pressure reactors. 

5.1.4.2 Steam Generators. In general the direct contact steam gen

erators proposed for all three systems appear to be satisfactory. The 

means for moisture separation are widely used and reliable. Spray noz

zles are also quite common and should present no problems; however, data 

on spray distribution, droplet size, etc., would be required, and the 
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^^performance of each steam generator concept needs to be demonstrated. 

Since there are very limited data on supercritical fluid heat transfer, 

the ability of the mixing tees proposed in the 3700-psi design to pro

duce a homogeneous fluid should be investigated. 

5.1.4.3 Circulators. The circulator designs proposed for the steam 

systems all represent an extension of present technology. Altho\;igh gases 

at these pressvires and in these volumes are being handled today, there 

are few if any situations where these combinations exist. The highest 

pressure used to date in a gas-cooled reactor is of the order of 1000 psi. 

The shaft seals and bearings are perhaps the most significant problem 

areas, and the majority of the development work and proof-testing will be 

needed on these conrponents. Since the circulators are extrapolations of 

the current state of the art and do not depend on new concepts, the de

velopment work does not represent a major effort and should not be a con

trolling factor in the time required to build a reactor system. 

5.1.5 Safety and Control 

The types of accident that have been considered for SCBR's in this 

evaluation include reactivity accidents, thermal accidents, plant startup 

and control accidents, and destructive nuclear bursts. 

The safety problems of all fast reactors differ from those of ther

mal reactors in that (1) the fast reactors operate at higher power den

sity, (2) the larger quantity of fissile material present in the core of 

each fast reactor provides a potential of several critical assemblies in 

a thermal neutron environment, (3) the fast reactors have a weaker nega

tive reactivity response to changes in power and fuel tenrperature, and 

(4) in a fast reactor there is a positive reactivity effect of a coolant 

void in the core, either locally or totally. The steam-cooled fast re

actor has all these problems except local voiding (due to change of 

phase). Because of its low density coolant it has a low heat storage 

capacity, with the result that there would be a very rapid fuel tempera

ture change if loss of coolant or reactivity insertions occurred. The 

effect of the latter would be partially cancelled by the negative Doppler 

coefficient. 
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5.1.5.1 Reactivity Accidents. Except for the power-limiting effect 

of the Doppler coefficient associated with the fuel, the SCBR does not 

have an inherent shutdown mechanism, so an applied reactivity shutdown 

will be required to cancel a reactivity transient. A general review was 

therefore made of possible causes of reactivity transients in the SCBR. 

Based on this review, it appears that for realistic reactivity insertion 

rates, a well-designed fast safety system and shutdown mechanism would 

be able to terminate an accident before the fuel was damaged. 

A highly reliable applied shutdown would require the use of two com

plete and independent sets of safety systems and fast-scram mechanisms. 

The reference systems do not include any form of reserve shutdown system, 

so the addition of a second automatic safety system and fast-scram mecha

nism is recommended. In order to minimize common failure modes (system

atic failures), the two systems must be of different design and construc

tion, and both must have adequate time response. 

Although flooding of the core may not be feasible in the loss-of-

coolant type of accident, it is possible that under some conditions the 

core could be flooded. In fact, in two of the designs the reactor is 

flooded for normal shutdown cooling. The calculations indicate (l) that 

a large reactivity increase must be counteracted if the rods remain in 

the operating position when the core is flooded and (2) that the rods do 

not have sufficient worth to keep the core subcritical when it is flooded 

This situation will require the provision of some form of poison injec

tion system that could add sufficient negative reactivity to make the 

core subcritical regardless of the source of flooding water. 

Further study of the kinetics of the steam-cooled fast reactor cores 

is necessary to provide information on which to base adequate safety sys

tem designs. 

5.1.5.2 Thermal Accidents. The emergency cooling problem is more 

difficult in the SCBR concept than in large light water reactors because 

the fuel will heat up at a rate four to five times faster if it is not 

cooled. Thus, the time margin for starting emergency cooling will be much 

shorter. The evaluation indicates that the cladding tenrperature will 

reach the failure point within 1 "to 5 sec after a piping failrrre if emer

gency cooling has not started,and that fuel melting would occur within 
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^ ^ 1 to 4 min without emergency cooling. Since cladding failure might allow 

the fuel to move into a more reactive configuration or obstruct cooling, 

cladding failure is probably more significant than fuel melting in deter

mining the allowable time margins. 

The SCBR reference designs do not provide the degree of redundancy 

in emergency cooling systems that is employed in current light water re

actor systems, where both spray and flooding systems are provided or where 

multiple systems are used. The SCBR primary vessel designs, because of 

their bottom connections, prevent the use of rapid flooding systems for 

emergency cooling following a failure in one of those lines. 

Direct core spray is the main form of low pressure emergency cooling 

provided in these designs. This is contrasted to the gas cooled and so

dium-cooled reactors that depend on forced circulation of the coolant for 

this function. The spray systems in the SCBR designs probably have the 

required spray cooling capacity if it can be demonstrated that the flow 

is distributed properly and the reliability of the system is high enough. 

In general, the designs provide one spray system with redundant pumps. 

Since these are essential systems, it is recommended that, as a minimum, 

two independent full-capacity spray systems be provided, each with a sepa

rate spray ring and source of water. The auxiliary boilers may be used 

to inject steam for fog cooling to serve as a diverse form of low pressure 

emergency cooling. 

It will probably be necessary to add some form of high pressure emer

gency cooling for cases such as loss of forced circulation or slow depres-

surizations. In the intermediate pressure design, the Loeffler boilers 

in the secondary steam systems partially serve for this pxirpose. In the 

high pressure steam-cooled design, the pressure in the pressurized head 

tank could be increased so that it could partially serve this purpose. 

Current BWR designs have steam-driven punrpsjand PWR designs have pressur

ized storage tanks for injection of water for high-pressure emergency 

cooling. These designs can probably be adapted for application to the 

steam-cooled fast reactor. 

The SCBR designs incorporate several features that are intended to 

minimize the effects of a primary system rupture. Valves and automatic 
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isolation systems are provided to isolate a broken line or coolant loop. ^ ^ 

In most instances, multiple lines and coolant loops are used to minimize 

the loss of coolant from a failure in an individual line. The low pres

sure design has an integral reactor vessel arrangement that reduces the 

number and size of possible rupture points. The high and low pressure 

designs include high, pressure containment vessels that will reduce the 

effects of a break in the main reactor vessel or nozzles. The interme

diate and low pressure designs have, sources of water in the primary sys

tem that can flash and provide some makeup steam in the event of a system 

rupture. 

5.1.5.3 Plant Startup and Control Accidents. The plant startup 

procedure was not conrpletely analyzed in this evaluation; however, three 

incidents were considered that may be associated with the startup proce

dure. They are (l) inadvertent rod withdrawal during startup, (2) inad

vertent flooding of the core, and (3) sudden chajiges in flow of steam 

from the reactor. A reasonably fast scram can handle reactivity inser

tion rates in the range from $2 to $20/sec, so it will be necessary to 

limit the nxmiber of rods withdrawn at one time or the rate of withdrawal. 

The effect of flooding is discussed above, and some means of dealing with 

it are suggested. 

Preliminary dynamics studies indicated that these plants will have 

load-following characteristics in which an increase in turbine steam flow 

will cause an increase in reactor power (by means of the density-reactivity 

effect). In general, this is a desirable characteristic; however, any 

large rapid increases in steam flow might produce power increases that 

would require a reactor scram. These studies have also indicated that 

these plants will be stable for flux perturbations (with the control rods 

in a fixed position). 

5.1.5.4 Destructive Nuclear Excursion and Meltdown Containment Capability. 

The maximum hypothetical accident for the SCBR could Involve a nuclear excursion 

with a sudden release of energy. The magnitude of this energy release has not 

been completely analyzed for these concepts, but potential energy releases 

of the order of 1000 to 1600 MWsec (500 to 800 lb. of TNT) have been postu

lated. Calculations performed by Nuclear Technology Corporation as part 

of this evaluation's indicate that,for an ultimate strain of approximately ^W 
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^^77o or more, the vessels proposed for the three reactors could withstand 

explosions equivalent to more than 1000 lb of TNT in the cases of the two 

higher pressure designs, and about 600 lb of TNT in the case of the 1250-psi 

design. These estimates are based on the vessels being empty at the time 

of the excursion, and it is estimated that if they were full of water the 

magnitude of the explosion they could contain would be reduced by a fac

tor of 2. The criterion of 1% ultimate strain is based on the assumption 

that the SA-302, grade B, material will remain ductile with an ultimate 

strain in excess of 77o throughout its life. The high pressure containment 

vessels included in the high and low pressure designs will increase the 

capabilities of containing a destrvictive excursion, but the effect of these 

vessels was not considered in these calculations. The designs do not include 

provision for cooling the debris after an excursion. Further study is 

required to establish the credibility of such an excursion, the upper limit 

of the energy release, and reliable means for containing and cooling the 

fuel after a core meltdown or a destructive excursion. 

5.1.5.5 Conclusion. The conclusion of the safety evaluation is 

that the safety problems of the steam-cooled fast reactor, including 

emergency cooling, reactor kinetics under both normal and accident condi

tions, coping with destructive excursion, and containing the debris after 

a core meltdown, have not been solved in the design studies considered,and 

that more study of these problems is required. The problems of inadvertent 

rod withdrawal, core flooding, and steam density changes during startup 

are less difficult and can be solved satisfactorily to provide a degree 

of safety in these reactors equivalent to that now provided in thermal 

reactors. 

5.2 Gas-Cooled Fast Breeder Reactors 

5.2.1 Physics 

The physics calculations performed by ORNL specifically pertain to 

the 8510-liter oxide fueled reference design. However, the results of 

these calculations are applicable to the derated design, except for the 

higher fuel inventoiy which affects the fuel cycle costs. The reference 

• 
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design characteristics of interest in neutronic calculations are summa

rized in Table 5.2. 

Two dimensional multigroup burnup calculations made with the code 

ASSAULT^^ were used throughout the study. In these calculations the re

activity was kept near unity by adjusting the concentration of boron 

(uniformly distributed in the core) at the start of each depletion step. 

5.2.1.1 Breeding Ratio. The fuel cycle loadings and breeding per

formance of the reference GCFR-4 design during approach to equilibrium 

Table 5.2. Physics Characteristics of GCFR-4 Core and Blanket 

Core dimensions 

Volume, liters 
Core height, cm 
Core diameter, cm 
Axial blanket thickness, cm 
Radial blanket thickness, cm 

Fuel cladding material 

Structural material 

Coolant 

Control poison material 

Fuel 
Fuel material 
Equilibrium recycle Pu isotopic composition 

Uranium isotopic composition 
Core average U-to-Pu ratio 
Core average fertile-to-fissile Pu ratio 
Core average Pu enrichment (g fissile 
Pu/g fuel) 

Volume fractions in core and axial blanket 

Fuel, 90^ T.D*. 
Cladding 
Structure 
Helium and voids 

Volume fractions in radial blanket 

8510 
148.2 
269.5 
60 
51 

Type 316 stainless steel 

Type 304 stainless steel 

Helium 

E n r i c h e d B4C 

Mixed PUO2-UG2 
8 3 ^ 239p^^ 14^^ 240p^,^ 

2io 2*^Pu, Yfo 2^2pi;L 
0 . 3 5 ^ 2 3 % , 9 9 . 6 5 ^ 238u 
5.46 
6.65 
0.13 

0.2896 
0.0501 
0.0699 
0.5904 

Fuel, 90% T.D. 
Structure and cladding 
Helium 

0.5000 
0.1377 
0.3623 
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Iwith different startup plutonium concentrations are shown in Table 5.3. 

The equilibrium cycles of this concept were estimated by extrapolating 

results obtained from the approach-to-equilibrium calculations made with 

PWR-discharge plutonium as the startup material. These calculations cov

ered about 25 full-power years of operation (13 cycles of about 720 full-

power days each) and approached quite near to equilibrium conditions. 

Table 5.3. Sixmrnary of GCFR-4 Breeding Performance^ with 
Different Startup Plutonium Compositions 

Selected Startup Material 

PWR PWR FBR 
Discharge Recycled Blanket 
Plutonium^ Plutonium*̂  Plutonium 

Length of history calculated, full-
power years 

Initial core loading, kg fissile Pu 

Total fissile Pu feed (including 
initial loading), kg 

Total fissile Pu discharged (in
cluding final inventory), kg 

Net excess of bred fissile Pu, kg® 

Average fissile Pu yield, kg/year 

Average in-reactor inventory, kg fis
sile Pu 

Average breeding ratio 

Exponential doubling time, years 

25.2 21.4 17.8 

2,566 

35,627 

46,718 

10,552 

335 

3,424 

1.50 

10 

2,280 

28,990 

38,387 

8,955 

335 

3,331 

1.53 

10 

3,014 

26,345 

33,628 

6,894 

310 

3,604 

1.44 

11 

At 0.80 plant factor. 

^Isotopic composition: 56^ 239p^^ 23.7^ 240p^^ -1_5̂  ̂ ^ip^^ a,nd 5.3^ 

'Isotopic composition: 35^ ^^^Vu, 32fo ̂ -̂ Opu, 15^ ̂ îp̂ ^̂  a,nd l8^ 

Isotopic composition: 96^ 239p^ ^^^^ ̂ ^ ^^'^'Pu.. 

2<i2 

242 

Pu. 

Pu. 

With ifo loss deducted from discharged Pu and 0.2^ loss added to 
feed Pu. 

f 
Defined as fertile captures divided by absorptions in fissile Pu. 
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In the assumed fuel management program, the core, ax ia l blanket, 

and inner rad ia l blanket are replaced each cycle, while the outer radial 

blanket remains in place for three core fuel cycles. Thus, rather than 

a simple equilibrium cycle, the equilibrium si tuat ion is described by a 

repeating three cycle sequence. These three cycles are identif ied as 

E-1, E-2, and E-3 in Table 5.4. Mass balance data for GCFR's are given 

in de t a i l in Ref. 16. 

The reference carbide fueled design (GCFR-C) was not subjected to 

as conrplete a technical evaluation as were the oxide-fueled designs. 

Table 5 . 4 . Summary of Eciuilibrimn Breeding Performance of GCFR-4 

Repeat ing Three-Cycle Sequence Three-Cycle 

Cycle E-1 Cycle E-2 Cycle E-3 Average 

Cycle length, full-power days 720 720 720 720 

Fissile Pu charged, kg 

Core 
Radial blanket 
Axial blanket 
Total 

2812 
0 
0 

2812 

2642 
423 
36-4 

3429 

2812 
0 
0 

2812 

2643 
425 
362 

3430 

2812 
0 
0 

2812 

2643 
1201 
357 
4201 

2812 
0 
0 

2812 

2643 
683 
361 

3687 

Fissile Pu discharged, kg 

Core 
Radial blanket 
Axial blanket 
Total 

Net excess fissile Pu (discharged Pu 617 618 1389 875 
minus charged Pu), kg 

Cycle average fissile Pu inventory, kg 3262 3532 3776 3523 

Core breeding ratio^ 

Beginning of life 0.91 0.91 0.91 0.91 
End of life 0.80 0.89 0.89 0.89 

Average 0.90 0.90 0.90 0.90 

Total breeding ratlo^ 

Beginning of life 1.59 1.57 1.55 1.57 
End of life 1.41 1.39 1.38 1.39 
Average ^ 1.50 1.48 1.46 1.48 

System average exponential doubling, 9.6 
time,^ years 

breeding ratio defined as captures in ̂ ^^U plus "̂̂ P̂u divided by absorptions 
in 225pu plus '̂'•̂ Pu. 

Based on 0.8 plant factor and one year out-of-core inventory time per cycle. 
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^PHowever, the neutronics calculations performed by GGA were reviewed, and 

the results were Judged to be representative of the performance of a car

bide fueled GCFR. The GGA physics results are summarized in Table 5.5. 

5.2.1.2 Power Distributions. Power distributions were obtained 

from the ORNL neutronics calculations for the oxide fueled GCFR and used 

in the core thermal-hydraulic evaluations discussed in Section 5.2.3. 

The power split between core and blankets and the core peak-to-average 

power ratios are listed in Table 5.6 for an equilibrium three cycle se

quence . 

Power distributions calculated by GGA^^ for the carbide fueled de

signs are presented in Table 5.7. As previously mentioned, these results 

were not verified by ORNL calculations, but they appear to be reasonable. 

5.2.2 Pressure-Equalized Manifolded Fuel Element 

The principal novel feature of this element is that a means is pro

vided for continuous extraction of the fission product gases generated 

within the fuel rods. These gases are conveyed through a tubing system 

Table 5.5. Equilibrium Nuclear Performance 
of Carbide Fueled GCFR 

Beginning of cycle 

Fissile Pu charged, kg 1783 

Total fissile Pu inventory, kg 1966 

End of cycle 

Fissile Pu discharged, kg 2890 

Total fissile Pu inventory, kg 3074 

Cycle length, full-power days 720 

Cycle average breeding ratio 1.60 
Fractional increase in average fissile Pu 0.44 
inventory per cycle* 
Exponential doubling time,* years 

With one year out-of-core holdup 5.5 
With one-half year out-of-core holdup 4.7 

*Based on cycle average fissile Pu inventory. 
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Table 5.6. Summary of Power Distribution Results 
for 8510-Liter GCFR-4 

Cycle 1 Cycle 2 Cycle 3 

Reactor nuclear power, Mw 2530 2530 2530 

Thermal power by region, Mw 

Beginning of life 
Core 
Axial blanket 
Inner radial blanket 
Outer radial blanket 

End of life 
Core 
Axial blanket 
Inner radial blanket 
Outer radial blanket 

Core peak-to-average power ratio 

Beginning of life 
Axial 1.26 1.26 1.26 
Radial 1.17 1.17 1.17 
Overall 1.47 1.47 1.47 

End of life 
Axial 1.21 1.21 1.21 
Radial 1.16 1.16 1.16 
Overall 1.40 1.40 1.40 

2401 
42 
67 
20 

2153 
136 
185 
56 

2368 
42 
68 
52 

2123 
133 
188 
86 

2337 
42 
69 
82 

2094 
130 
191 
115 

Table 5.7. General Equilibrium Reactor Power Characteristics" 
of (U,Pu)C2-Fueled GCFR 

Net electric output, Mw 1,000 

Total thermal power, Mw 2,678 

Average thermal power by region, Mw {fo) 

Core 2,199 (82.1) 
Axial blanket 192 (7.2) 
Radial blanket 287 (10.7) 

Average fuel (U + Pu) specific power by region, 
Mw(th)/MT 

Core 155.8 
Axial blanket 10.6 
Radial blanket 6.2 

Region average burnup at discharge, Mwd/MT 

Corel3 112,200 
Axial blanket^ 7,600 
Radial blanket^ 8,900 

iJnevaluated results obtained by GGA. 

Batch fuel management utilized for core and axial blanket. 

Cut-in management of radial blanket with inner half re
moved each core cycle. 
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to a common storage plenum located outside the core but within the PCRV. 

The primary objective of this system is to minimize the difference in gas 

pressure between the interior of the fuel tubes and the reactor helium 

system. This reduces the pressure loading on the fuel tubes and,thus^re

duces the problems associated with cladding performance. An experimental 

program to establish the feasibility and reliability of this approach will 

be required. 

5.2.2.1 Manifolding System. The fuel pins are interconnected by 

passages drilled through the upper end fittings to which the pins are 

securely attached for end location (see Fig. 5.2). This represents a 

straightforward modification of the end fittings employed in earlier GGA 

designs of a hermetically sealed fuel element. These interconnecting 

passages converge to a common plenum located in the fuel box extension, 

which protrudes into otherwise empty space in the grid plate region. 

This plenum contains a charcoal trap to strip off the heat-producing fis

sion products and ease cooling problems in the storage system. 

The fuel box plenum is connected to gas passages in the grid plate 

by means of a spigot connection that is tightly clamped by the thrust tubes 

which clamp the fuel element to the grid plate. The passages in the grid 

plate lead to Junctions at the outer edge of the core. From these Junc

tions the fission products are piped through a relief valve to storage 

bottles located within the PCRV in a shielded and cooled compartment. 

More details on the manifolding system are given in Ref. 12. 

5.2.2.2 Pressure-Equalizing System. The primary purpose of the 

manifolding system is to minimize the difference in gas pressure between 

the interior of the fuel pins and the reactor coolant system. This is 

accomplished by means of an arrangement of pressure relief valves that 

will either bleed fission products to the storage bottles or feed helium 

into the pins. These valves are controlled so that the pressure inside 

the fuel pins is maintained at a value between 10 and 100 psi below the 

coolant pressure. 

The pressure equalizing system functions as follows in the valving 

arrangement shown in Fig. 5.3. The fission product gases pass through a 

Selief valve (V-l) to storage bottles. This relief valve is set to pass 

isslon products to the bottle when the internal pressure within the 
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fuel pin system rises to within 10 psi of the ambient coolant pressure 

at the particular time. Thus, if the ambient coolant pressure La 1250 

psi, this valve will keep a back pressure of 1240 psi within the fuel 

pins. If the fission-gas pressure within the pin is low (e.g., at reac

tor startup), valve V-2 opens and allows coolant to leak into the fission 

product collection system until the internal pressure rises to within 

100 psi of the ambient coolant pressure. 

Thus valves V-l and V-2 function together to maintain the internal 

pressure within a range of 10 to 100 psi below the ambient coolant pres

sure. This is accomplished by either bleeding fission product gases 

through valve V-l to the storage bottles or feeding coolant into the pins 

through valve V-2. More details on this system are given in Ref. 12. 

5.2.2.3 Evaluation of the Pressure Equalized Manifolding System. 

Approximately 1000 liters of gaseous fission products at reactor operat

ing pressure must be accommodated during one core life; however, it ap

pears that the gas storage system will have to accommodate a somewhat 

larger gas volume, since the fission products will probably be diluted 

with helium during plant shutdown. This dilution will result if the re

actor is shut down and started up again while nonnal coolant pressure is 

maintained, because the gas within the fuel pins will cool off, perhaps 

by over 1000°F and^thus, decrease the fuel pin internal pressure consid

erably below the helium system pressure. This in turn will cause the 

valving system to feed helium into the fuel pins. Then, when the reactor 

is started up again, the fuel temperature and consequently the fuel pin 

internal gas pressure will rise, and the relief valve (V-l) will open 

and pass the excess gas from the pins to the storage bottles. This cycle 

will be repeated whenever the reactor is shut down and started up again 

while normal coolant pressure Is maintained. 

Some development would be required for the fuel venting system, in

cluding development of techniques for remote coupling and uncoupling of 

the fuel tubes to the gas-collection system, leak testing of the collec

tion system and the various Joints, and means for isolating the vent sys

tem when handling fuel. Behavior of vented fuel under the proposed ra

diation, coolant, and temperature environment would also have to be veri

fied. On the whole, the proposed system appears to offer an attractive 
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^ ^ a n s of minimizing the cladding stresses produced by differences between 

the pin internal gas pressure and the ambient coolant pressure. 

5.2.3 Thermal-Hydraulics Analysis 

A detailed thermal-hydraulics analysis was carried out to verify 

whether the proposed GCFR design and operating conditions were technically 

feasible. The temperature distributions and the maximum temperatures for 

the fuel, cladding, and coolant were determined, along with the pressure 

drops in the system, based on the power ratings and distributions obtained 

from the physics calculations. The pi^imaiy purpose of these calculations 

was to determine whether either the fuel or cladding temperature exceeded 

acceptable design values. Table 5.8 summarizes the thermal design parame

ters for the GCFR. Wherever OREL-calculated values differed from GGA 

values, the ORNL value is tabulated. 

5.2.3.1 Power Distribution. The core peak-to-average power ratios 

calculated by ORNL for the reference GCFR-4 were also applied to the de

rated design, since the core zoning and compositions do not change sig

nificantly between the two concepts. The radial power peaking factor 

was calculated to be 1.17. It was assumed that the coolant flow orificing 

could be adjusted in direct correspondence to the radial power distribu

tion, so that the coolant temperature at the outlet from each bundle would 

be the same as the mixed mean reactor outlet temperature. Possible de

parture from this ideal orificing pattern is represented as a flow mal

distribution component of the engineering factors. 

5.2.3.2 Surface Roughening. The GCFR fuel pin design utilizes sur

face roughening to promote coolant turbulence and increase the effective 

heat transfer coefficient in order to hold the maximum cladding surface 

temperature to an acceptable value. It was assumed that, as stated by 

GGA, the effect of roughening would double the effective heat transfer 

coefficient at the expense of a threefold increase in the friction fac

tor. To minimize the friction increase, surface roughening would be used 

only in the downstream portion of the core, starting at the axial posi

tion at which the temperature of the smooth cladding reaches the nominal 

limit specified for the cladding material. 
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Table 5.8. Thermal-Hydraulic Characteristics of the GCFR Cores 

Reference Design Derated 
Design 

Coolant 

Cladding 

Fuel distribution 

Axial blanket thickness, in. 

Active core length, in. 

Core pin design 

Roughening heat transfer multiplier 

Roughening friction factor multiplier 

Thermal power, Mw 

Core only 
Axial blanket 
Radial blanket 

Temperatures, °F 

Inlet, coolant to reactor 
inlet coolant to active core 
Outlet coolant from active core 
Outlet coolant from the reactor 
Maximum surface (nominal) 
Maximum fuel (nominal) 

Maximum heat rating, kw/ft 

Coolant pressure drop over reactor, psi 

Fuel box inside dimensions, in. 

Maximum heat flux, Btu/hr-ft^ 

Fuel rods per standard box 

Fuel rods per control-rod box 

Fuel-pin diameter, in. 

Thickness of cladding, in. 

Fuel pellet outer diameter, in. 

Fuel pellet inner hole diameter, in. 

Number of fuel boxes (with 225 pins) 

Number of control-rod boxes in core 
(with 189 pins in each box) 

Total number of boxes in core 

Total number of pins in core 

Helium at 1250 psi Same 

Stainless steel Same 

Uniform axially; zoned Same 
radially to give 1.2 
maximum-to-average 
power ratio 

23.6 

58.4 

Partial roughening 

2 

3 

2401 
42 
87 

629 
635. 
1183 
1190 
1315 
4935 

17.8 

42,6 

6.75 

732,000 

225 

189 

0.317 

0.0116 

0.291 

0,058 

164 

21 

185 

40,869 

23,6 

60.9 

Same 

2 

3 

2545 
45 
91 

589 
595 
1088 
1094 
12D5 
4765 

16,3 

42.6 

6,67 

654,750 

225 

189 

0.307 

0.0113 

0,282 

0,056 

180 

21 

201 

44,469| 
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^W 5.2.3.3 Engineering Factors. The engineering hot channel factors 

used in these calculations were estimated by GGA and were used to calcu

late the most probable values for the cladding temperature. The maximum 

temperatures resulting from the inclusion of these factors are referred 

to as "local hot spot" temperatures. 

5.2.3.4 Cladding and Fuel Temper attires. The pin surface heat flux, 

coolant temperature, and cladding outer surface temperatures were calcu

lated as a function of axial position and were based on the zone power 

ratings and distributions. The fuel temperature was then calculated from 

the pin power rating and cladding surface temperature as a function of 

position. 

The maximum temperatures calculated for the GCFR fuel pins are sum

marized in Table 5.9 and compared with the cladding surface design limits 

and a fuel temperature limit of 4950°F. It may be seen that under certain 

conditions fuel teniperatures will exceed this value, and melting will 

probably occur. Since it is anticipated that radiation effects might 

lower the melting point of the oxide fuel, the calculated temperatures 

for GCFR-4 indicate that some fuel melting may occur on the interior sur

face of the annular fuel pellets. Although the actual volume of fuel in

volved is quite small, current design practice would make this condition 

unacceptable. 

Maximum fuel temperatures calculated for the derated design are also 

above the oxide melting point when hot channel factors are included. The 

volume of fuel approaching melting is very small in this case. 

Interior fuel melting can be avoided by one of several design alter

natives. The most obvious change is to further derate the pin heat rating. 

This would increase fuel costs, but the penalty would be small for the 

necessary decrease in pin rating. A second alternative would be to use 

a pellet density higher than 90^ and increase the diameter of the center 

hole to maintain the same volumetric fuel loading. The combined effects 

of the larger center hole and higher thermal conductivity would provide a 

considerable reduction in fuel interior temperatures; however, the allow

able density may be limited by the need to accommodate fission-gas buildup. 

5.2.3.5 Pressure Drop. The coolant pressure drop was calculated, 

^^ith all losses through the reactor considered. The pressure loss across 



Table 5.9. Maximum Temperatures Calculated for GCFR Fuel Pins 

Maximum Teniperature (°F) 

Reference Design Derated Design 

Cladding Surface Cladding Surface 
Fuel Fuel 

^ n T -t J GGA Design Interior* ^ ., -, , -, GGA Design Interior* Calcxilated ^. ., ̂  Calculated ^. . , •=" 
Limit Limit 

Nominal: 100^ design power with 1315 
no engineering factors 

Local hot spot: 100^ design power 1435 
with engineering factors 

Power overshoot plus local hot 1515 
spot: 110^ power with engineer
ing factors 

1293 

1472 

4935 

5205 

5300 

1205 

1315 

1385 

1200 

1380 

4765 

5040 

5160 

*'Fuel teniperature limit is 4950°F. 
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^Rie reactor (plenum to plenum) was calctilated to be 42.6 psi, which is 

in good agreement with the GGA design value of 45 psi. 

5.2.4 Materials 

Fuel and cladding performance of the GCFR-4 were evaluated to define 

areas that might limit the life of the fuel element if operated at design 

conditions. The parameters investigated were fuel temperatures, cladding 

teniperatures, and cladding stresses. Of principal concern is the ability 

of the fuel cladding to maintain its integrity over the life of the fuel 

element. Many factors can contribute to fuel element failure, and it is 

the improbable concurrence of a combination of circumstances that often 

causes fuel element failures. The probability of failure increases with 

severity of operating conditions, particularly with increased burnup and 

temperature and,thus,extensive testing will be required to determine 

that the fuel elements will perform as expected. 

The maximum teniperatures calciilated for the fuel and cladding were 

summarized in Table 5.9 for the two oxide fueled GCFR designs. The high

est teniperatures were encountered in the GCFR-4 reference design, with 

the cladding surface teniperature reaching 1435°F at the hot spot under 

100^ power conditions. 

Maximum heat ratings of 18.0 kw/ft and design burnups of 100,000 

Mwd/MT (achieved in ~17,000 hr) are proposed for the fuel rods. The pro

posed cladding material is type 316 stainless steel at a cladding thick

ness of 0.0116 in. The helium gas coolant operates at a pressure of 

1250 psi. Wo experimental data on performance of the fuel elements have 

been obtained. Although pressure differentials are equalized by the 

venting system, there are no experimental data on any fast reactor fuel 

pins tested with gas coolants at comparable temperatures to any extended 

burnup. Thus, analyses of performance are based on considerable extrapo-

latiori. Many factors of iniportance cannot be definitely resolved until 

additional experimental evidence is attained under conditions more nearly 

representative of those proposed for GCFR-4. Several areas of concern 

are discussed briefly below. 
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5.2.4.1 Cladding Temperature. Although GGA has specified a nominal^ 

design temperature limit of 1300°F for the reference design, the fuel 

cladding will operate at hot spot temperatures up to 1450°F. The prin

cipal effect of the higher cladding temperatures will be to reduce the 

strength of the cladding, and the 150°F difference between design and 

maximum teniperatures will reduce the creep strength of the cladding by 

nearly a factor of 2 for type 316 stainless steel and somewhat less for 

Hastelloy X. Further reductions in cladding strength may accrue from 

prolonged operation at high temperatures. Reactions with impurities in 

the helium coolant, for instance, may result in degradation of cladding 

strength. 

5.2.4.2 Fuel-Cladding Compatibility. Fuel-cladding compatibility 

has been established̂ '̂  in furnace tests with U02-20^ PuOa in contact with 

various stainless steels (including type 316 stainless steel) for 1000 hr 

at 1400°F. No bonding or diffusion across the interface developed, al

though hyperstoichiometric oxide developed a 1-mil-thick oxide film on 

the inner surface of the steel, and slight metallurgical effects (to a 

depth of 0.1 mil) were noted in adjacent metal. 

Successful performance of mixed oxide fuel pins at 50,000 Mwd/MT at 

temperatures up to 1100°F has been reported, and pins irradiated at 1300°F 

do not indicate a general problem, although some instances of cladding 

reaction have been observed.^^ From thermodynamic considerations, Anselin 

and Baily^^ concluded that irradiation of stoichiometric mixed oxide fuels 

to high burnup may release oxygen which can react with fuel cladding and 

that out-of-reactor compatibility tests may not be relevant. It appears 

that experimental testing will be required to establish the extent to 

which fuel-cladding conipatibility and cladding temperature may influence 

fuel element performance. 

5.2.4.3 Fuel Swelling. With the use of the pressure equalizing 

technique to avoid differential pressure loads on the cladding, fuel 

swelling will be a major source of cladding stress. The volume increase 

from solid fission product formation will be about ifo or less per 10,000-

/
2 ^ 30 MT burnup if a major fraction of the fission gas escapes. °" " Gas 
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^Rlease is a function of temperature and bxirnup and ranges from about 50 

to 95^ at high heat ratings and burnups of 50,000 to 125,000 Mwd/MT.^^"^^ 

At maximum temperature regions in the GCFR-^, it seems reasonable 

(although conservative) to assume that gas release will be about 90^ and 

that fuel swelling will be about 1^ per 10,000-Mwd/MT burnup. At lower 

temperature regions, where less gas is released, swelling may be greater 

but the burnups will be less. Internal void space has been provided in 

the GCFR-<4 designs to accommodate fuel swelling if most of the fission 

gases generated are released and the external restraint is sufficient to 

cause the fuel to flow inward to the void spaces. 

The pressures generated at the fuel cladding interface as a result 

of swelling are relieved to some extent by plastic and elastic deforma

tions of the fuel and cladding. The criterion limiting fuel element life 

will probably be the development of about Vfo cladding creep strain.^^ 

Cladding strength must therefore be sufficient to insure that most of the 

volume increase is accommodated by the flow of the fuel to the internal 

porosity and the void space at the interior of the cored fuel pellets. 

At the high temperatures proposed for the GCFR-4, the cladding will 

offer little restraint against fuel swelling. However, the parameters 

controlling creep strength of fast reactor fuels have not been established. 

Available data on fast reactor fuels at high burnups have been examined 

with reference to the effect of restraining pressures on fuel rod swelling. 

These data were obtained on sodium-cooled pins tested in DFR or EBR-II.̂ ""-̂ -̂ -̂  

Observers concluded that the tests indicated that the fuel pins were ca

pable of achieving 5.0-at, ^ mean burnup ('̂ .0-at. fo peak burnup) but that 

fuel swelling would cause excessive cladding strain at 7-at. % mean burnup. 

However, one rod achieved 7.7-at. % peak burnup with only 0.5^ cladding 

strain. Data stiggest that fuel diametral expansion increases with burnup, 

probably as a result of increasing resistance to swelling accommodation. 

For EBR-II tests, no rods with more than about 5^ void volume suffered 

excessive swelling. The one rod that had 0.010-in.-thick cladding showed 

0.% strain at 6-at. f> burnup. ̂•'̂  

It is apparent that the cladding in the gas-cooled reactor designs 

studied here offers less -restraint against fuel swelling than the cladding 
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I 
proposed for use with other fast reactor designs because of the higher 

operating temperature. Other factors being equal, it might be expected 

that comparable swelling rates would be achieved at a conrparable restrain

ing pressure. However, fuel temperatures in GCFR-4 are somewhat higher, 

and it is possible that this effect in causing greater fuel plasticity 

and fission gas release may indeed require less restraint. Because of 

the unknown interaction of many processes, it is concluded that the ef

fect of cladding temperatirre and cladding thickness on burnup limitations 

of the fuel element cannot now be established. 

5.2.4.4 Fuel Melting. The heat ratings proposed for the GCFR de

signs (18 and 16.5 kw/ft), coupled with the high surface temperatures, 

are sufficient to cause central fuel melting at some regions of the fuel. 

Initial melting may be avoided if it is feasible to allow fuel to densify 

by an initial slow increase in operating power. However, subsequent 

fission-induced fuel swelling, coupled with a possible decrease in ther

mal conductivity, may override this effect and result in fuel melting. 

The high fuel temperature will also result in greater plastic strain on 

thermal cycling and will tend to reduce cladding fatigue life from strain 

cycling. Experimental testing will be required to define maximum heat 

ratings that allow successful operation to the desired burnup. 

5.2.4.5 Radiation Damage Effects. The primary radiation effect 

will be a reduction in fracture ductility of the cladding. Apparently 

as an effect of helium generation by transmutation from fast neutron ab

sorption, the ductility of cladding material will be reduced to if or 

less. This problem is common to all fast reactor claddings,, and is rec

ognized as a major problem that may limit performance of fast reactor 

fuel elements. 

Preliminary information also indicates that fast neutron damage may 

generate voids that can cause volume increases in fuel cladding materials. 

At exposures of approximately 10^^ neutrons/cm^, the volume increase is 

approximately 0.1^, and data suggest that at 10^^ neutrons/cm^, volume 

increases may approach 10^.^^ Experimental testing at reference conditions 

will be required to define the effect of these factors on performance of 
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FR fuel elements which, under design conditions, will experience an 

integrated fast neutron dose of 10^^ neutrons/cm^. 

5.2.4.6 Other Effects. Many other factors not discussed above can 

contribute to failure of the fuel elements. For example, effects of ther

mal stresses, coolant drag forces, surface roughening, or fabrication 

tolerances are not considered because of lack of detailed information on 

fuel-element design. These factors should be evaluated by experimental 

testing as the information becomes available. 

5.2.4.7 Conclusions. It is concluded that the fuel element proposed 

for the GCFR-4 represents a considerable extrapolation of current tech

nology, and that much experimental testing will be required to define ef

fects of various parameters on the burnup attainable. A major limitation 

results from reduced cladding ductility, which is recognized as a major 

problem for development of any fast reactor design. Maximum cladding tem

peratures for GCFR-4 of 1435°F are about 250°F higher than proposed for 

sodium-cooled fast reactors. Higher cladding temperatures will adversely 

affect compatibility and cause development of metallurgical changes that 

may reduce cladding strength. It is concluded that the maximum allowable 

cladding temperatures cannot now be determined. 

With use of the pressure-equalized design to avoid fuel rod collapse 

under the coolant pressure, the gas-cooled reactor fuel element offers 

considerably less restraint to fuel swelling than fuel elements for other 

proposed reactor systems. Since the higher fuel temperatures favor addi

tional gas release and greater fuel plasticity, successful operation with 

less restraint may indeed be feasible. It is concluded that experimental 

testing will be required to establish burnup limitations of the fuel ele

ment as a function of temperature, heat rating, and restraint. 

5.2.5 Components 

The plant systems of the two GCFR designs are described in the de

sign reports referenced previously. Supplementary information on both 

the reference and derated designs was supplied by GGA to ORNL through 

correspondence, telephone calls, and meetings during the course of this 

evaluation. 

^mx 
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The performance of individual components of the reactor and the 

heat removal and power generation systems were checked out in detail. 

The evaluations of individual components are discussed in the following 

sections. 

5.2.5.1 Prestressed Concrete Reactor Vessel. The PCRV for the GCFR 

differs in some respects from those being used in European reactors and 

also from the vessel designed by GGA for the Fort St. Vrain HTGR plant. 

Data for a number of PCRV designs are given in Ref. 34. While the GCFR 

vessel is no larger than some of the other PCRVs, the horizontally ori

ented supercircle geometry represents a different approach. The working 

pressure of 1250 psi also is considerably beyond operating pressures of 

the other plants. Because of these extrapolations of current operating 

experience, substantial experimental verification of the design will be 

needed, including model tests. 

Construction of the PCRV proposed for the GCFR appears to be feasi

ble. However, major difficulties could be encountered in its construc

tion, and therefore considerable work must be done to demonstrate suit

able construction techniques. Also, the time schedule is highly uncer

tain, with estimates of the PCRV construction time ranging from one and 

one-half to four years. 

Tolerances appear to be the key issue with this structure. Until 

these are established and their maintainability demonstrated for the ves

sel life, the question of feasibility cannot be completely resolved. At 

the least, some significant compromise in design could be required. 

5.2.5.2 Reactor Core Support Structure. Vibration of the core 

structure due to physical loads imposed by the flow of coolant could be 

a problem. Flow studies on a mockup of the core structure will be nec

essary to determine vibration susceptibility of the design. 

The 30-year fast neutron (E > 0.5 Mev) exposure for the grid plate 

was calculated to be 6 x 10 neutrons/cm^. This exposure is not exces

sive if the grid plate is constructed of austenitic stainless steel. 

5.2.5.3 Helium Circ\J.ators. The helium coolant is circulated 

through the reactor and heat transfer system by four single stage cen

trifugal circulators. Each circulator is connected by a Jackshaft ar

rangement to a steam powered drive turbine located outside the PCRV. 
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Emergency circulation of coolant is provided by two independent single 

stage turbo-circulators driven by Pelton water turbines. 

Although a thorough engineering review and evaluation of the proposed 

helium circulators was beyond the scope of this study, it appears that 

the designs represent reasonable extrapolations of current technology. 

A research and development program would nevertheless be required to 

establish performance characteristics and reliability. 

5.2.5.4 Helium Coolant Loops. The primary coolant system consists 

of four loops, in each of which one-fourth of the total reactor flow 

passes through a steam generator and on to one of the four main circula

tors. The pressurized helium is discharged from the circulator through 

ducting back to the reactor inlet. 

The pressure drop through the main helium circuit is about 60 psi, 

which implies that large differential pressures will exist across the 

walls of the ducting. The ambient pressure in the boiler room is main

tained about halfway between boiler gas inlet and outlet pressures. Thus 

the differential pressure tending to burst the ducting will be in excess 

of 50 psi at the circulator discharge. The design specifies that the 

rectangular ducting be reinforced against bursting by use of typical 

boiler stay rods. 

5.2.5.5 Steam Generators. An evaluation was made to determine the 

minimum heat transfer areas required for the reheater, economizer, boiler, 

and superheater sections of the Sulzer steam generator described in Ref. 

12. This steam generator is of the multipass cross flow type and is one 

of three designs under study by GGA for use with the GCFR. The helium 

coolant enters a large central plenum and then flows horizontally outward 

through two separate heat exchange assemblies. The feedwater enters 

through conventional high-pressure headers and flows countercurrently 

through tubes in which it is heated, vaporized, and superheated. 

ORNL calculations of the required heat transfer area in the steam 

generators indicated that a minimum of about 66,500 ft would be needed. 

With the addition of a 10^ allowance for possible tube plugging, the total 

area required is about 73,200 ft^. This may be compared with the esti-

J*|ated area in the Sulzer unit of 52,000 ft^. This indicates a shortage 
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of about 28^ based on the minimum requirements or about 40^ based on the 

area with plugging allowance. 

Proposals for similar steam generator units were provided to GGA by 

BiW and Foster-Wheeler. The areas estimated by these vendors were 45,700 

and 61,550 ft^ with pliigging allowances. Since the area proposed for the 

Sulzer unit is intermediate to these values and the vendors had more de

tailed information about the units than was available to ORNL, it was 

concluded that the Sulzer unit probably provides adequate heat transfer 

area. It must be recognized that the range of values given can be caused 

by uncertainties due to lack of reliable heat transfer correlations for 

helium flowing across banks of tubes. 

5.2.6 Safety and Control 

The GCFR has several inherent safety advantages and disadvantages 

when compared with other types of fast reactors. These features are 

discussed in the following review of the potential major accident situa

tions that might be encountered. 

5.2.6.1 Review of Reactivity Accidents. In general, fast reactors 

are more sensitive to reactivity accidents than are thermal reactors, 

since they have a shorter prorapt-neutron lifetime, smaller delayed-neutron 

fraction, and smaller negative-reactivity feedback effects. Except for 

the power-limiting effect of the Doppler temperature coefficient asso

ciated with the fuel, the GCFR does not have an inherent shutdown mecha

nism, so an applied reactivity shutdown will be required to cancel a re

activity transient. 

A general review was therefore made of possible causes of reactivity 

transients in the GCFR. Based on this review, it appears that for real

istic reactivity insertion rates, a well-designed fast safety system and 

shutdown mechanism would be able to terminate an accident before the fuel 

was damaged. 

A highly reliable applied shutdown requires the use of two complete 

and independent sets of safety systems and fast scram mechanisms. The 

reference systems do not include any form of reserve shutdown system, so 

the addition of a second'automatic safety system and fast scram mechanism 

is recommended. 
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Large fast reactors usually will have an increase in reactivity as

sociated with a loss of coolant, while thermal reactors will usually have 

a reactivity decrease. The reactivity increase associated with loss of 

coolant in the GCFR is considerably smaller than that associated with 

many steam- or liquid metal-cooled fast breeder reactor designs. Also, 

the PCRV concept may make very high blowdown rates more xinlikely for the 

GCFR concept than for the conventional steel piping cooling system used 

in the SCBR designs. 

The GCFR does not have the problem of reactivity effects from local 

voiding that might be experienced in large liquid metal fast breeder re

actors. Flooding of the core with unpoisoned water would give a large 

addition of reactivity in both the GCFR and the SCBR; however, accidental 

flooding of the core appears to be less likely in the GCFR. 

Further study of the kinetics of the gas-cooled fast reactor is nec

essary to provide information on which to base adequate safety system 

designs. 

5.2.6.2 Loss of Cooling. Perhaps the most crucial consideration 

in the successful operation of the GCFR is that of core cooling. The 

GCFR concept depends on maintaining forced circulation of the coolant at 

all times for normal and emergency cooling of the core. If the coolant 

flow is interrupted, a very short time interval is available in which to 

scram the reactor and restore forced circulation cooling. If the fuel is 

uncooled while operating at full power, it will heat up at an average rate 

of about 500°F/sec (compared with about 90°F/sec in a light water thermal 

reactor). The heatup rate is only about 17°F/sec after reactor shutdown, 

and the time margin then for automatic startup of the auxiliary circula

tors is about 1 min. 

A more serious aspect to the problem of core cooling is the possi

bility of a loss-of-coolant or depressurization accident. The reactivity 

increase due to loss of coolant is not a severe problem in the GCFR, but 

the decrease in coolant mass flow upon depressurization would cause a 

large decrease in core cooling ability. If the main circulators remained 

operative following a loss of coolant, the number of circulators required 

io remove the decay heat and limit the fuel temperature to a safe value 
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would be strongly dependent on the depressurization rate, as illustrated 

by results of GGA calculations given in Table 5.10 (from Fig. 13-3 of 

Ref. 12). 

The data of Table 5.10 indicate that if the loss-of-coolant accident 

is such that main circulator failure may also be induced, the depressuri

zation rate must be fairly slow before there is any redundancy in the 

number of main circulators available to remove decay heat. (GGA has sub

sequently indicated that these calculations are somewhat pessimistic for 

the cases with reduced numbers of the circulators in operation; however, 

the figures shown above should be indicative of the magnitudes of pres

sure-decay rates that reduced nxonbers of circulators can handle.) 

Transient analyses made by GGA indicate that if the main circulators 

fail during the depressurization accident, two axial flow auxiliary blow

ers with a power of about 500 hp each could deal with exponential pres

sure decay with time constants as low as 1 min without incurring damaging 

teniperatures. The cladding temperatures would, however, exceed the de

sign limit for a brief interval. ORNL estimates predict that one such 

auxiliary blower could handle a depressurization with a time constant of 

about 10 to 30 min without damaging temperatures being reached. 

Thus, the design appears to have sufficient redundancy in circulators 

to accommodate small coolant leaks that would result in depressurizations 

with time constants no less than 10 to 30 min; however, the design does 

not appear to have sufficient redundancy in decay-heat removal equipment 

Table 5.10. Results of GGA Calculation of Number of 
Operative Circulators Required Following a 

Loss-of-Coolant Accident 

Minimxim Required Number Minimum Total 
Depressurization of Operative Main Depressurization 
Time Constant Circiilators Time 

30 sec 4 2 min 

9 min 2 40 min 

1.7 hr 1 8 hr 
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^^if larger breaks (~90 in.^) are considered credible. The requirements 

placed on the circulators are more severe than those of emergency cooling 

systems in current thermal reactors, and further study is needed to dem

onstrate that an adequate level of reliability can be achieved. 

One way of reducing the blower requirements following a depressuri

zation accident would be to construct a pressure sustaining secondary 

containment building around the PCRV. If this secondary containment ves

sel could hold the equalized pressure up to something like 60 psi, the 

mass flow capability of the operative circulators would be increased con

siderably. 

5.2.6.3 Reactor Containment. The containment design for the GCFR 

houses the primary reactor system within the PCRV, which is in turn housed 

in a low-leakage building maintained at slightly negative pressures by a 

ventilation system discharging to the plant stack through a filtering sys

tem. In order for this to be an acceptable scheme, the PCRV integrity 

must be of such a high order as to guarantee that no more than perhaps 

0.01^ of the core fission product inventory will escape to the reactor 

building, even under the worst accident conditions. 

Consideration of emergency cooling requirements, possibilities of 

PCRV penetration failures, and the severe consequences of a fission prod

uct release led the ORNL reviewers to recommend that a pressure sustain

ing secondary containment vessel be used in place of the controlled leak

age containment building specified by GGA. Costs for this secondary con

tainment vessel were included in the capital cost estimates. 

5.2.6.4 Steam-Generator Leak:. A large steam-generator leak; would 

present a -unique problem, since it might lead to overpressurization of 

the PCRV and also involve a reactivity addition. The detection and au

tomatic isolation of the loop with the faulty steam generator would be 

difficult, and the problem would be complicated by the requirement for 

continuous forced cooling of the core. 

5.2.6.5 Destructive Excursion and Meltdown Containment Capability. The 

high power densities and low heat capacities of large fast reactor cores 

and the need for continuous coolant circulation make meltdown more likely 

^ ^ than in current light water reactors. Fast reactors contain several 

^^critical masses that become more reactive as the core is compacted, so 
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they can become critical and continue to produce fission power after core 

meltdown or a collapse; whereas thermal reactors become subcritical. This 

feature and the short prompt-neutron lifetime make a destructive nuclear 

excursion a problem for fast reactors that thermal reactors do not have. 

The range of possible energy releases was estimated; however, it will be 

difficult to establish either the credibility of a distinctive excursion 

or an upper limit on the energy release. The capabilities of the PCRV to 

withstand a destructive energy release have not been determined. Further 

study is required to develop reliable means for containing the fuel after 

a core meltdown or a destructive energy release and removing the heat to 

prevent reactor vessel melt-through. 
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6. ECONOMIC COMPARISON OF CONCEPTS 

6.1 Capital Costs 

Capital costs of the low pressure SCBR were developed by B&W and 

Sargent & Lundy, the intermediate pressure SCBR costs were estimated by 

the Karlsruhe Nuclear Research Center, and the high pressure design costs 

•were established by B&W and American Electric Power. Costs for the refer

ence GCFR-4 and derated GCFR-4D designs were developed by GGA and the 

East Central Nuclear Group. 

For the purpose of comparing costs of alternate coolant fast breeders 

with costs of other concepts, three other designs were considered; namely, 

a light water reactor (PWR), a liquid metal-cooled fast breeder reactor 

(LMFBR), and a high temperature gas-cooled reactor (HTGR). Costs for 

these concepts were submitted to ORNL by the Light Water Reactor Task 

Force,^^ the LMFBR Task Force,^^ and Gulf General Atomic,-̂ "̂  respectively. 

Capital costs were normalized by using the ground rules described 

in Chapter 3 to develop a comparative set of construction costs in which 

the relative cost differences among the concepts were influenced as little 

as possible by differences in ground rules, indirect costs, and other fac

tors that were not functions of differences in design features. Also, 

costs were updated where appropriate to reflect construction costs as of 

June 1967, since some of the estimates had been made in earlier periods 

than others. 

Direct costs submitted by each of the sponsors were compared, sys

tem by system, by both ORNL and Sargent &. Lundy. Adjustments were made 

when it appeared that unit cost data used in the estimate submitted were 

not consistent with unit cost data adopted for this study, or when a common 

cost, such as a site-dependent cost, was considered applicable to all con

cepts. 

The capital cost normalization study did not involve a detailed re

view of the design requirements of special components of the plants, such 

as reactor vessel components and other nuclear items, since these require

ments were reviewed in the concept evaluation studies. The costs of these 

components represent from as little as 26^ to as much as 50^ of the direct 
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costs, depending on the concept considered. The sponsor's Judgment of 

these costs was generally used; however, some adjustments were made when 

costs for given components appeared to be considerably out of line with 

costs of their counterparts in other plant systems. The remaining 50 to 

75^ of the direct costs for more conventional components, such as struc

tures, steam and feedwater systems, turbine-generators, and electrical 

system components were more amenable to capital cost normalization 

based on specific design parameters. 

Only a moderate amount of design normalization (as distinguished 

from cost normalization) was attempted in this study. Common designs 

were assumed for all concepts in assigning costs for ground improvements 

and for miscellaneous power plant equipment, and some amount of design 

normalization was assumed for safety equipment and turbine-generator plant 

components. However, basic design features of the reactor plant equip

ment reported by the designer or evaluator were left unchanged. The costs 

reported here represent ORNL's Judgment of appropriate relative capital 

costs for the concepts described based on the evaluation study rules, 

cost estimates of the designer and the evaluators, and the cost normali

zation study performed by Sargent & Lundy. 

6.1.1 Sargent &. Lundy Participation 

Sargent & Lundy participation in the capital cost normalization 

study consisted of examining reported and evaluated design requirements 

and costs for the concepts, recommending areas where uniform costs should 

be applied, and recommending cost adjustments based on their experience 

in reactor plant design and cost estimating. Sargent &. Lundy worked 

closely with ORNL with regard to design interpretation and ground rules 

to be used, but they presented to ORNL a set of direct cost data for each 

of the concepts based on their separate study. The Sargent & Lundy effort 

was restricted by scope to using evaluated design conditions as bases 

for their estimates, and thus they did not attempt further evaluations 

of design requirements. The normalized direct costs presented here are 

in close agreement with the direct costs recommended by Sargent & Lundy. 
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^^6.1.2 Estimated Capital Costs 

Normalized capital cost estimates for the lOOO-Mw(e) alternate coolant 

breeder reactor plants are summarized by the major cost accounts in Table 

6.1. A more detailed summary of direct costs of these reactors is given 

in Table 6.2, along with direct costs of other concepts considered in the 

system analyses studies.* 

The costs shown include costs for coolant and moderator inventories 

other than D2O inventories. Although D2O inventory is a capital cost 

item, its cost is reported as a separate component of power production 

costs in the evaluation reports. The ground rules observed in the capital 

cost normalization study are summarized in Section 3.3. 

Except for the PWR, the following contingency allowances were made: 

1. 18^ on reactor equipment accounts 221, 222, 223, 225, 226, and 229. 

2. 2^ on account 231 (turbine-generator) because estimates were 

based on list prices. 

3. 10^ on remainder of plant. 

In the case of the PWR, the nuclear package and turbine-generator 

contingency allowance was only 2% because costs were based on manufac

turers quoted prices. The contingency allowance for the remainder of the 

plant was 5^. 

The total unit costs of lOOO-Mw(e) concepts derived on this basis 

are summarized in Table 6.3. Since all costs were adjusted to lOOO-Mw(e) 

plants, costs shown in Table 6.3 are also equivalent millions of dollars. 

Thus Table 6.3 can be used to show the differential cost of any given 

component or system of components. 

The normalized costs thus developed in this study have the influences 

of different ground rules factored from the results and show, insofar as 

feasible, the relative costs of the various concepts. However, the nor

malization study would have to be much more detailed than it was to as

sure that the relative cost differences presented are entirely indicative 

of true differences due alone to inherent differences in design features 

because several designers were involved. Relative costs that might change 

^ ^ •''"Results of these studies are to be reported in USAEC Report WASH-1098, 

^^"Potential Nuclear Power Growth Patterns" 



Table 6.1. Capital Costs of Alternate Coolant Breeder Reactors 

Costs (thousands of dollars) 

SCBR GCFR 

Direct construction cost 

Account 

21 — Structures and improvements 

22 — Reactor plant equipment 

23 — Turbine plant equipment 

24 — Accessory electrical equipment 

25 — Miscellaneous power plant equipment 

Total direct construction costs 

Indirect and land costs 

Total investor-ô wned construction costs 

1250 psi 2680 psi 3700 psi Derated Reference 

19,003 

34,909 

32,853 

4,254 

1,250 

92,269 

37,992 

130,261 

15,391 

47,230 

25,213 

4,000 

1,250 

93,084 

38,316 

131,400 

15,200 

39,240 

24,307 

3,800 

1,250 

83,797 

35,067 

118,864 

10,802 

US,585 

26,491 

4,200 

1,250 

91,328 

38,016 

129,344 

10,752 

50,545 

25,073 

4,200 

1,250 

91,820 

38,214 

130,034 

Total unit costs, $/kw(e) 129.1 131.4 121.7 129.3 130.0 
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Table 6.2. Direct Construction Cos of lOOO-i .) Nuclear Power Plants 109 

Costs (thousands of dollars) 

Account HWOCR 
PWR 

sue BUM sac TUO TUM 
Reactor 

HTGR SCBR dent 

Backup Reference 
LMFBR 

1250 psi 2680 psl 1700 pal Derate! Reference 4 Core l C>3te 

21 structures and improvements 

211 Ground Inproveinents 

212 -Strucdiures 

14,020 13,923 16,183 16,117 14,268 13,670 14,356 

1,000 1,000 1,000 1,000 1,000 1,000 1,000 
8,255 
1,000 

7,090 

1,000 

15j,110 19,003 15,391 15,200 10,8oe 10,752 10,643 10,130 
?.,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 

A. Administration 
B. Control rocari 
C. General service 
D. Turbine plant 
£. Cooling -water 
F. Steam generator 

H. Miscellaneous 

218 Stack 

219 Reactor Btrucrtures 

A. Confinement 
B. Containment 

22 Reactor plant equipment 

221 Reactor equipment 

.1 Vessel and internals 

.2 Controls 

.3 Shleldleg 

.4 Reflector 

.5 Auxiliary heating and cooling 

.6 Cranes and hoists 

222 Heat transfer systems 

.1 Reactor coolant 

.2 Intermediate coolant 

.3 Steam generators 

.4 Reheaters (live steam) 

.5 Coolant receiving and treatment 

.6 Moderator auxiliaries 

.7 Coolant inventory 

.8 Auxiliary steam supply 

223 Nuclear fuel-handling and storage eqtdpmeat 

225 Radioactive waste treatment and disposal 

226 Instrumentation and control 

227 Feedwater supply and treatment 

228 Steam, ccsadensate, emd feedwater piping 

229 Other reactor plant equipment 

23 Turbine-generator plant 

231 Turbine-generator 

232 Cooling-water system 

233 Condensers 

234 Central lube-oil system 

235 Instrumentation and control 

236 Piping - bypass and miscellaneous 

237 Generator auxiliary equipment 

238 Other turbine plant equipnent 

24 Accessory electric equipment 

25 Miscellaneous power plant equipment 

600 
In 212/1 
In 212A 
2,400 
850 

1,620 
50 

100 

7,400 

47,750 

13,371 

7,165 
2,340 

3,716 
150 

18,937 

4,628 

10,010 
1,700 
2,589 

1,692 

450 

3,710 

3,600 

5,200 

800 

34,754 

27,624 

2,400 

3,400 

80 

600 

450 

75 

125 

4,594 

1,250 

400 

136 
2,400 
800 

1,280 
1,357 

50 

100 

6,400 

43,570 

12,131 

7,791 
1,320 
1,562 

1,297 
161 

13,768 

5,322 

5,901 

947 
1,318 
280 

3,405 

300 

6,662 

3,189 

3,515 

600 

32,970 

26,667 

1,980 

3,083 

80 

600 

360 

75 

125 

3,880 

1,250 

400 400 
In 212A -

136 136 
2,4oo 2,4oo 
800 800 

1,540 1,474 
1,357 1,357 

50 50 

100 

8,400 

53,068 

19,218 

13,600 
1,500 
2,460 

1,297 
161 

14,665 

5,800 

6,300 

947 
1,318 
300 

3,700 

300 

7,730 

3^0 

3,585 

600 

33,003 

26,700 

1,980 

3,083 

80 

600 

360 

75 

125 

3,880 

1,250 

100 

8,400 

51,483 

18,683 

12,500 
2,4l4 
2,311 

1,297 
161 

13,896 

5,320 

6,011 

947 
1,318 
300 

3,700 

300 

7,600 

3,189 

3,515 

600 

33,810 

27,253 

2,080 

3,237 

80 

600 

360 

75 

12s 

3,800 

1,250 

400 

136 
2,400 

800 
1,225 
1,357 

50 

100 

6,800 

47,017 

16,782 

ll,5(fl. 
2,045 
1,778 

1,297 
161 

12,290 

5,122 

4,623 

947 
1,318 

280 

3,405 

300 

7,200 

3,04o 

3,400 

600 

33,120 

26,770 

2,000 

3,110 

80 

600 

360 

75 

125 

3,880 

1,250 

4oo 

136 
2,400 

800 
1,317 
1,357 

50 

100 

6,110 

42,270 

10,136 

6,423 
876 

1,379 

1,297. 
161 

15,267 

6,562 

6,160 

947 
1,318 

280 

3,405 

300 

5,772 

3,230 

3,560 

600 

32,668 

26,467 

1,940 

3,021 

80 

600 

360 

75 

125 

3,88r 

i,250 

In 212D 
In 212D 
In 212D 

'''fo 
1,070 

50 

100 

6,356 

44,867 

17,091 

9,800 
3,520 
1,216 

2,465 
90 

8,728 

5,719 

1,720 
328 
961 

2,125 

4oo 

5,930 

4,843 

4,950 

800 

34,252 

27,130 

2,250 

3,540 

80 

600 

452 

75 

125 

4.396 

1,250 

54o 
In 
In 

2,015 
700 

In 
50 

3,950 

48,117 

17,350 

540 
212A 
212A 
1,900 
650 

50 

2,950 

49,245 

14,115 

11,755 9,4oo 
2,955 2,265 

In 221.1 
2,40O 2,400 

200 50 

13,117 

2,577 

8,930 

1,035 

225 
350 

3,200 

750 

3,000 

4,070 

5,800 

830 

25,625 

20,192 

1,650 

2,553 

80 

4oo 

550 

75 

125 

' 5 

l,->0 

12,720 

2,320 

9,000 

900 

150 
350 

3,720 

750 

3,000 

4,850 

9,260 

830 

24,233 

19,103 

1,500 

2,300 

80 

4oo 

650 

75 

125 

4,015 

1,250 

235 
280 
375 

2,300 
681 

1,300 
524 
50 

In 219 

8,365 

61,173 

6,545 

1,085 
884 

1,564 
75 

2,737 
200 

36,928 

6,888 
11,411 
15,525 

2,604 

500 

3,050 

450 

5,500 

3,700 

4,000 

1,000 

25,232 

19,909 
1,847 

2,486 

80 

400 

310 

75 

125 

4,500 

1,250 

1,250 
In 212D 
In 212A 
4,400 
850 

420 
50 

100 

3,950 
6,983 

34,909 

11,145 

7,600 
1,200 
120 

2,0T5 
150 

6,264 

5,464 

200 

600 

2,500 

400 

3,100 

5,600 

5,100 

800 

32,853 

26,075 

2,070 

3,253 

80 

600 

575 

75 

125 

4,254 

1,250 

330 
In 212C 

ae 
3,840 

700 

2,133 
50 

100 

2,000 
4,620 

47,230 

12,620 

9,700 
1,000 

120 

1,650 
150 

16,160 

12,300 

3,360 
200 

300 

2,000 

400 

3,900 

5,150 

6,200 

800 

25,213 

19,976 

1,575 

2,429 

80 

400 

553 

75 

125 

4,000 

1,250 

330 
In 212C 

550 
3,800 
650 

360 
50 

100 

2,940 
5,420 

39,240 

12,470 

8,700 
1,000 

120 

2,500 
150 

7,670 

3,370 

3,500 
200 

600 

2,500 

400 

3,000 

6,300 

6,100 

800 

24,307 

19,174 

1,500 

2,300 

80 

400 

653 

75 

125 

3,-800 

1,250 

650 
In 
m 

2,415̂  
750 

600 
50 

100 

5,037 

48,585 

12,175 

650 
?12D 
212A — 

2,415 
700 

• 800 
50 

100 

5,037 

50,545 

12,175 

9,725 9,725 
1,750 1,750 

In 221.1 

500 500 
200 200 

19,560 

7,300 

9,500 

1,900 

220 
600 

3,000 

1^000 

3,000 

4,010 

5,040 

800 

26,491 

20,861 

1,900 

2,500 

80 

400 

550 

75 

125 

4,200 

1,250 

20,620 

6,900 

11,000 

1,900 

220 
600 

3,000 

1,000 

3,000 

3,600 

6,350 

600 

25,073 

20,143 

1,650 

2,050 

80 

400 

550 

75 

125 

4,200 

1,250 

1,160 1,160 
— la gi§A ^ 
— ta eiSA — 
2,445 6,445 
650 650 

550 550 
50 50 

100 

'+,698 

57,061 

11,760 

3,930 
500 

3,800 
1,250 
?,100 
200 

24,406 

2,240 
8,806 

12,810 

100 

450 

1,700 

450 

4,125 

4,800 

4,800 

5,000 

23,455 

18,874 

1,460 

2,131 

80 

400 

310 

75 

125 

4,500 

1,250 

100 

4,161 

51,565 

6,764 

1,932 
250 

2,113 
1,069 

i,ioo 
200 

24,4o6 

2,24o 
8,806 
12,810 

loo 

450 

1,700 

450 

3,625 

4,800 

4,800 

5,000 

23,455 

18,874 

1,460 

8,131 

80 

4oO 

310 

75 

125 

4,500 

1,250 

Total 102,368 95,593 107,384 lo6,54o 99,535 93,738 99,121 87,062 85,833 107,265 92,269 93,084 83,797 91,328 91,820 96,909 90,906 



Table 6,3. Total liiit Costs of Investor-Owned lOOO-Jfe(e) Nuclear Power Plants 
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Account 

21 Structvires euid improvements 

212D Turbine building 
212F Steam-generator building 
212G Reactor auxiliaries building 
219 Reactor building 

Other account 21 

Total account 21 

22 Reactor pleutit equipment 

221.1 Reactor vessel 
221.2 Control rods and drives 
221.3 Shielding (thermal) 
221.it Reflector 
221.5 Auxiliary heating and cooling 
222.1 Reactor coolant system 
222.2 Intermediate coolant 
222.3 Steam generators 
222.4 Reheaters (live steam) 
222.5 Coolant receiving and treatment 
222.6 Moderator auxiliaries 
223 Fuel handling and storage 
.225 Radicjactive waste treatment 
226 Instrumentation and control 
227 Feedwater supply and treatment 
228 Steam, condensate, and feedwater piping 
229 Other reactor plant equipment 

Other account 22 

Total account 22 

23 Turbine-generator plant 

231 Turbine-generator 
Other account 23 

Total account 23 

Total accounts 2it and 25 

Total -unit costs (accounts 21 to 25) 

PWR 

3.17 

2.14 
9.77 
3.43 

18.51 

9.24 
3.02 

4.80 
5.97 

12.91 
2.19 
3.34 

2.18 
0.58 
4.79 
4.75 
6.86 
1.03 
0.25 

61.91 

35.13 
9.38 

44.51 

7.71 

132.7 

EUC 

3.19 
1.70 
1.82 
8.51 
3.28 

18.50 

11.14 
1.88 
2.24 

1.86 
7.60 

8.44 

1.36 
1.87 
4.87 
0.43 
9.53 
4.24 
4.68 
0.86 
0.64 

61.64 

33.03 
8.40 

41.43 

6.71 

128.4 

NtJM 

3.16 
2.02 
1.80 
11.05 
3.25 

21.28 

19.52 
2.12 
'3.48 

1.84 
8.21 

8.91 

1.35 
1.86 
5.23 
0.43 

10.94 
4.30 
4.72 
0.85 
0.63 

74.39 

32.44 
8.31 

40.75 

6.74 

143.2 

HWOCR 

NUC 

3.06 
1.88 
1.74 
10.73 
3.18 

20.59 

17.10 
3.29 
3.15 

1.78 
7.28 

8.21 

1.30 
1.81 
5.06 
0.49 

10.39 
4.07 
4.50 
0.82 
0.56 

69.81 

32.10 
8.39 

40.49 

6.56" 

137.4 

TUO 

3.15 
1.62 
1*79 
8.95 
3.26 

18.77 

16.29 
2.90 
2.52 

1.84 
7.25 

6.54 

1.35 
1.87 
4.83 
0.42 

10.19 
4,00 
4.47 
0.85 
0,61 

65.93 

32.79 
8.36 

41.15 

6.75 

132.6 

TUM 

3.24 
1.78 
1.83 
8.25 
3.35 

18.45 

9.30 
1.28 
2.00 

1.87 
9.52 

8.93 

1.38 
1.91 
4.94 
0.43 
8.37 
4.36 
4.80 
0.86 
0.67 

60.62 

33.32 
8.38 

41.70 

6.93 

127.7 

HWBLW 
Reactor 

7.10 

1.54 
9.16 
2.89 

20.69 

15.11 
5.43 
1.88 

3.80 
8.81 

2.65 
0.50 
1.48 
3.29 
0.61 
9.14 
6.97 
7.13 
1.23 
0.17 

68.20 

36.09 
10.27 

46.36 

8.14 

143.4 

Backup 

2.79 

5.51 
3.22 

11.52 

17.59 
4.43 

3.59 

3.86 

13.36 

1.56 

4.79 
1.22 
4.49 
5.68 
8.09 
1.24 
1.00 

70.99 

26.12 
7.59 

33.71 

7.07 

123.3 

Uhit Costs 

HTGR 

Reference 

2.66 

4.13 
3.13 

9.92 

14.10 
3.4o 

3.60 

3.48 

13.49 

1.35 

5.57 
1.13 
4.50 
6.78 
12.94 
1.25 
0.83 

72.42 

24.79 
7.20 

31.99 

7.38 

121.7 

[Vkw(e)] 

LMFBR 

3.13 
1.77 
0.71 
11.41 
3.58 

20.60 

1.59 
1.28 
2.28 
0.12 
4.01 
10.08 
16.69 
22.70 

3.80 

4.46 
0.66 
8.04 
5.05 
5.45 
1.46 
1.02 

88.70 

25.17 
7.30 

32.47 

7.85 

149.6 

1250 psi 

6.16 

0.59 
15.31 
4.56 

26.62 

11.41 
1.81 
0.18 

3.12 
8.19 

0.30 

3.75 
0.60 
4.66 
7.85 
7.15 
1.20 
1.14 

51.36 

33.92 
9.51 

43.43 

7.71 

129.1 

SCBR 

2680 psi 

5.36 

2.97 
9.23 
3.89 

21.45 

14.49 
1.49 
0.18 

2.47 
18.39 

5.03 
0.30 

2.99 
0.60 
5.83 
7.18 
8.65 
1.19 
0.66 

69.45 

25.85 
7.32 

33.17 

7.32 

131.4 

3700 psi 

5.50 

0.52 
12.10 
3.89 

22.01 

13.47 
1.55 
0.18 

3.88 
5.22 

5.43 
0.31 

3.88 
0.62 
4.65 
9.12 
8.83 
1.23 
1.16 

59.53 

1 

25.62 
7.43 

33.05 

7.31 

121.7 

GCFR 

Derated 

3.36 

1.11 
7.04 
3.59 

15.10 

14.56 
2.62 

0.75 
10.92 

14.31 

2.84 

4.49 
1.50 
4.49 
5.61 
7.04 
1.20 
1.50 

71.80 

27.02 

7.87 

34.89 
7.61 

129.3 

Reference 

3.37 

1.11 
7.04 
3.48 

15.00 

14.53 
2.62 

0.75 
10.30 

16.43 

2.84 

4.48 
1.49 
4.48 
5.01 
8.85 
1.20 
1.51 

74.48 

26.04 
6.87 

32.91 

7.60 

130.0 

MSBR 

4 Core 

3.40 

0.76 
6.51 
4.10 

14.77 

5.88 
0.75 
5.69 
1.87 

- 3.14 
3.35 
13 .l« 
19.17 

0.15 

2.55 
0.67 
6.18 
6.66 
6.66 
7.48 
0.98 

84.36 

24.31 
6.35 

30.66 

7.98 

137.8 

1 Core 

3.41 

0.77 
5.82 
4.13 

14.13 

2.90 
0.38 
3.17 
1.64 
1.80 
3.30 
13.23 
19.24 

0.15 

2.56 
0.68 
5.45 
6.69 
6.69 
7.51 
0.99 

76.44 

24.41 
6.38 

30.79 

8.01 

129.4 
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if designs were prepared for a consistent set of design ground rules are 

building costs, reactor equipment costs, and reactor containment and 

safety system costs. Some of the reasons for capital cost differences 

among the various concepts and some uncertainties in relative cost dif

ferences are discussed in this report. 

6.1.3 Comparison of Unit Costs 

Although the direct costs of the various concepts provide a rough 

basis for comparing capital investment costs, a more accurate comparison 

is obtained by adding indirect costs to each of the individual accounts. 

In order to do this, it is necessary to take into consideration differences 

in net electrical ratings of the plants being considereci, and also to apply 

appropriate contingency factors to the individual accounts. 

It may be seen in Table 6.3 that unit costs for the low, inter

mediate, and high pressure SCBR's are $129.l/kw(e), $131.4/kw(e), and 

$l21.7/kw(e), respectively. Unit costs for the derated and reference 

GCFR's are $l29.3/kw(e) and $130.0/kw(e), respectively. These costs may 

be compared with $132.7/kw(e) for a PWR and $149.6/kw(e) for an LMFBR. 

The reasons for these differences in costs are summarized in the follow

ing paragraphs. 

6.1.4 Discussion of Unit Costs 

6.1.4.1 LMFBR. The reference LMFBR is an oxide fueled sodium-cooled 

fast breeder reactor operating with a primary coolant temperature of 800°F 

at the inlet and 1100°F at the outlet of the reactor. Superheated steam 

at turbine throttle conditions of 2400 psig/900°F (with 900°F reheat) is 

produced in the steam generators. Principal parameters of the LMFBR plant 

systems and components were given in a letter from Argonne National 

Laboratory-̂ ^ that included the LMFBR Task Force cost estimate. This 

capital cost estimate was normalized by ORNL and several adjustments were 

made to the direct costs. Some of the reactor system account 22 costs 

were reduced where it appeared that contingencies we account for in the 

indirect costs had been included in the direct costs. Account 227 and 

^^28 costs were increased to bring them in line with these costs for the 

other concepts based on differences in design requirements. Account 211, 
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ground improvements, and account 25, miscellaneous power plant equipment, 

costs were adjusted to the normalized value for all concepts. A major 

cost reduction of about $4 million was made in the turbine-generator ac

count 23 costs by the substitution of a tandem compound unit for the 

cross compound unit specified, since the former was assumed for all 

the concepts. Turbine-generator building costs were also reduced because 

of this change. Higher costs due to the lower net thermal efficiehcy 

(40.2 versus 40.6^) resulting from using the tandem compound unit would 

be more than offset by the lower equipment and building costs. 

As the result of this normalization study ORNL arrived at the direct 

cost of $107 million and a total capital cost of $149.6 million (excluding 

coolant inventory of $0.6 million) for the LMFBR reference plant, as com

pared with a direct cost of $112.9 million and a total capital cost of 

from $142.9 million to $152.9 million reported by the LMFBR Task Force. 

From this study, it is indicated that the LMFBR capital costs are 

higher than the costs of the other lOOO-Mw(e) reactor concepts investi

gated. It is estimated to cost about $17/kw(e) more than a lOOO-Mw(e) 

PWR. This difference is due largely to the much higher costs of the heat 

transfer system components that more than offset savings in other areas, 

such as the turbine-generator plant costs, which are $l2/kw(e) lower for 

the PWR. Principal cost differences between these two plants are compared 

in Table 6.4. 

It may be seen in Table 6.4 that the variations in unit costs (i.e., 

variation of sum of higher and lower cost accounts, respectively) are 

+$43.2/kw(e) and —$26.3/kw(e). This implies a larger difference in de

sign and distribution of costs than indicated by the net differential of 

total unit costs. A large part of this is attributable to accounts 222.2 

and 222.3, as well as accounts 221,1 and 23. 

The LMFBR reactor buildings are larger than the PWR buildings, and 

more extensive shielding is required in the LMFBR primary cells. The 

LMFBR requires a containment building 176 ft in diatfteter, as compared 

with a containment building about 145 ft in diameter for the PWR, How

ever, the design pressure for the LMFBR containment building is much 

lower, and thus its cost is only $1.6/kw(e) higher than the cost of the 
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Table 6.4. Comparison of LMFBR and PWR Unit Costs 

Account 

Unit Costs [$/kw(e)] 

LMFBR PWR 
Difference 
(IMFBR - PWR) 

21 Structxires and improvements 

212F Steam generator building 
212G Reactor auxiliary building 
219 Reactor building 

22 Reactor plant equipment 

221.1 Reactor vessel 
221.2 Control rods and drives 
221.3 Shielding (thermal) 
222.1 Reactor coolant system 
222.2 Intermediate coolant system 
222.3 Steam generators 
222.4 Reheater (live steam) 
223 Fuel handling 
226 Instrumentation and control 
228 Steam, condensate, and feedwater 

piping 

23 Turbine-generator plant 

1,8 
0.7 
11.4 

1.6 
1.3 
2.3 
10.1 
16.7 
22.7 

4.5 
8.0 
5.5 

2.1 
9.8 

9.2 
3.0 

6.0 

12.9 
2.2 
2.2 
4.8 
6.9 

1.8 
-1.4 
1.6 

-7.6 
-1.7 
2.3 
4.1 
16.7 
9.8 

-2.2 
2.3 
3.2 

-1.4 

231 Turbine-generator 
Other 23 

Other accounts 

Total 

Variations 

25.2 
7.3 

30.5 

149.6 

35.1 
9.4 

29.1 

132.7 

-9.9 
-2.1 

1.4 

16.9 

-26.3 
+43.3 

PWR containment structure. The remaining buildings are estimated to total 

to another $0.4/kw(e) higher for the LMFBR plant. 

The reactor equipment costs (account 221) are estimated to be about 

$8/kw(e) lower for the LMFBR than for the PWR, This is due mainly to the 

much more expensive high pressure PWR pressure vessel and higher cost PWR 

control rods and drives. 

The LMFBR heat transfer systems are estimated to cost about $30/kw(e) 

imore than (or over twice as much as) the PWR heat transfer system. The 
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LMFBR has an intermediate heat transfer loop, which the PWR does not have, \ 

and the cost of this loop is estimated to be about $16.7/kw(e). More

over, unit costs ($/ft^) of LMFBR steam generators are estimated to average 

about three times the unit cost of PWR steam generators because of the 

complications brought about by sodium-to-steam heat exchange. As a re

sult, the 121,600 ft^ of heat transfer area required for the LMFBR steam 

generators costs about $9,8/kw(e) more than the 206,000 ft^ of heat trans

fer area required for the PWR steam generators. 

The principal cost uncertainties for the LMFBR appear to be involved 

in the amount of technical optimism used in the design and in estimating 

the cost of components such as the heat exchangers and pumps, The LMFBR 

Task Force provided a cost estimate for an advanced LMFBR that included 

their evaluation of the cost reductions that might be expected with im

proved layouts and lower costs of components. The ORNL normalization 

of this estimate indicated that the cost of the LMFBR may reduce to 

$136/kw(e) or $14/kw(e) less than the estimate for the "reference" de

sign. Similar types of savings might be realized for the other concepts 

as well; however, ORNL did not attempt to evaluate such reductions in 

this study, 

6.1,4,2 SCBR. The steam-cooled breeder reactors are all direct 

cycle plants operating on a Loeffler boiler principle with superheated 

steam. Reactor inlet pressures are 1250, 2680, and 3700 psia for the 

three designs considered in this study. Design features of the contain

ment systems and heat transfer systems differ considerably among the three 

designs. The 1250-psi design has a double containment scheme, with steam 

circulators and feedwater injectors inside the reactor vessel. The 2680-

psi design has a single containment vessel, with the reactor and emergency 

cooling system inside and the recirculating pumps and feedwater injectors 

(direct Loeffler boilers) outside the vessel. The 3700-psi design has 

a single high pressure containment vessel enclosing the reactor vessel 

as for the 1250-psi design, but it does not have the backup containment 

vessel of the 1250-psi design. However, in arriving at the reference 

costs of this concept, ORNL added costs for backup containment and for 

other features that would make the 3700-psi design more equivalent to 

the 1250-psi desit̂ n. 
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Estimated total costs of the 1250- arvi 2680-psi SCBR designs compare 

closely with the estimated costs of the PWR ($13l/kw versus $133/kw). 

The estimate for the original 3700-psi design was about $17/kw(e) lower 

than for the other two SCBR designs but, as will be explained later, this 

cost difference was reduced to $9/kw(e) when features of the 3700-psi 

design were made more equivalent to those of the 1250-psi design. 

Cost comparisons between the 1250-psi SCBR concept and the PWR are 

given in Table 6,5. 

Table 6.5. Comparison of Reference 1250-psi SCBR and PWR Unit Costs 

Account 

Unit Costs [$/kw(e; 

Reference 
SCBR 

PWR Difference 
(SCBR - PWR) 

21 Structures and improvements 

212D Turbine building 
212G Reactor auxiliary building 
219 Reactor building 
Other 21 

22 Reactor plant equipment 

221.1 Reactor vessel 
221.2 Control rods and drives 
221.5 Auxiliary heating and cooling 
222.1 Reactor coolant system 
222.3 Steam generators 
222.4 Reheater 
222.5 Coolant treatment 
223 Fuel handling 
227 Feedwater supply and treatment 

23 Turbine-generator plant 

231 Turbine-generator 

Other accounts 

Total 

6 . 2 
0 . 6 

15.3 
4 . 6 

11,4 
1.8 
3 . 1 
8 . 2 

0 . 3 
3 . 8 
7 . 9 

33.9 

32.0 

3 . 2 
2 . 1 
9 . 8 
3 . 4 

9 . 2 
3 . 0 
4 . 8 
6 . 0 

12.9 
2 . 2 
3 . 3 
2 . 2 
4 . 8 

35 .1 

30.7 

3 . 0 
- 1 . 5 

5 . 5 
1.2 

2 . 2 
- 1 . 2 
- 1 . 7 

2 . 2 
- 1 2 . 9 

- 2 . 2 
- 3 . 0 

1.6 
3 . 1 

- 1 . 2 

1.3 

129.1 132.7 3,6 

Variations +20.1 
-23.7 
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It may be seen in Table 6.5 that the total unit costs of the two 

concepts differ by only about $4/kw(e); however, the variation is 

+$20.l/kw(e) and -$23.7/kw(e), which indicates an approximately equal 

range of higher and lower costs. The variations are discussed below. 

Turbine building costs are $2,9/kw(e) higher for the SCBR direct-

cycle plant, which requires shielding and larger areas for auxiliary sys

tems than does the indirect cycle PWR, The reactor building has both 

high pressure and low pressure containment vessels which, in total, cost 

about $4 million more than the PWR building. 

The SCBR basic reactor vessel weighs about 100 tons less than the 

PWR vessel, but its internals, which include massive thermal shields and 

moisture separators, are more complicated and expensive than for the PWR, 

Thus, the complete SCBR vessel is estimated to cost $2.2/kw(e) more than 

the complete PWR vessel. There are a larger number of individual control 

rods in the 1250-psi SCBR than there are control rod clusters in the PWR, 

but the unit cost for the individual rod is about 20 to 25^ of the cost 

of the cluster, with a resulting saving of $l,2/kw(e). 

The auxiliary heating and cooling system for the reference SCBR con

sists of a core spray and emergency condenser system,but has no provisions 

for subsequent flooding of the reactor, as does the PWR. This results 

in a comparative saving for the SCBR of $l,7/kw(e). 

The 1250-psi SCBR requires four 42,500-hp turbine-driven steam cir

culators that are located inside the reactor vessel in contrast to the 

four 6,000-hp motor-driven pumps required for the PWR, The much higher 

cost of the SCBR circulators ($8,3 kw versus about $2,7 kw) more than 

offsets the cost of the high pressure piping and pressurizer required in 

the external coolant circuit of the PWR, 

The SCBR is a direct cycle plant and therefore does not require 

steam generators; this results in a saving of $12.9/kw(e). Also no re

heater is provided in the 1250-psi design, although reheaters are Included 

in the 2680- and 3700-psi designs. 

The PWR has expensive coolant treatment facilities (account 222,5) 

compared with the SCBR, which depends primarily on full flow demineraliza-

tion of the feedwater (part of account 227 costs) for coolant purity con

trol. This results in a $3.o/kw(e) saving for the SCBR, 
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The fuel handling machine for the 1250-psi SCBR concept is inserted 

into the reactor vessel and is operated semiremotely under pressure; this 

equipment is estimated to cost $l,6/kw(e) more than the direct access re

fueling equipment of the PWR, This account for the SCBR also includes 

about $0.8/kw(e) for special facilities for canning fast reactor fuel for 

shipments, which is a feature not required for the PWR. 

Feedwater supply and treatment facilities for the direct cycle SCBR 

plant require more expensive materials of construction than the facilities 

for the indirect cycle PWR. Moreover a full flow filtration and deminerali-

-ation system is required in the SCBR plant. These features add $3.1 

million to SCBR costs. 

As sho-wn in Table 6,6 there are appreciable cost differences among 

the components of the three SCBR plants. It may be seen that the differ

ences in unit costs are appreciable despite the fact that these are all 

Table 6.6. Comparison of SCBR Plant Unit Cost Differences 

Account 

Unit Costs [$/kw(e)] 

Base Cost 
for 

1250-psi 
Concept 

Differential 
Cost for 
2680-psi 
Concept 

Differential 
Cost for 
3700-psi 
Concept 

21 Structures and improvements 26.6 

22 Reactor plant equipment 

221.1 Reactor vessel 11.4 
222.1 Reactor coolant system 8.2 
222.4 Reheater 
226 Instrumentation and con- 4.7 

trols 
227, Feedwater, steam, and 15.1 
228 condensate systems 

23 Turbine-generator plant 43.4 

Other accounts 19,7 

Total 129.1 

Variations 

-5.1 

3.1 
10.2 
5.0 
1.1 

0.9 

-10.2 

-2.5 

2.2 

+20.0 
-17.8 

-i.6 

2.1 
-3.0 
5.4 
0 

2.8 

-10 , 

0, 

-1. 

+10, 
-17 . 

.3 

.2 

.4 

.5 

.9 



118 

steam-cooled fast breeder reactors. Building costs for the 1250-psi SCBR \ 

design are higher than for the other two concepts because of the large 

high-pressure containment structure, larger areas in the controlled-

leakage reactor building, and a larger turbine building. 

The 2680-psi SCBR reactor vessel has thicker walls and weighs more 

than the 1250-psi vessel. It has simpler internal structures, since the 

Loeffler boilers and circulators are in an external loop rather than being 

integral within the vessel as they are in the 1250-psi design. However, 

the lower cost of internal structures of the 2680-psi design is more than 

offset by the higher cost of more massive stainless steel thermal shields, 

which limit the neutron exposure of the walls of the 2680-psi vessel to a 

lower value than in the 1250-psi design. This results in a $3,l/kw(e) 

higher cost than for the low pressure design. 

Although the overall dimensions of the 3700-psi vessel are less than 

the dimensions of the 1250-psi vessel, because of its higher design pres

sure, the basic vessel is heavier (800 tons versus 500 tons) and $2.l/kw(e) 

more expensive than for the 1200-psi concept. 

As shown in Table 6.6,there are considerable differences in reactor 

coolant system costs. The 2680-psi concept has lower power and less ex

pensive circulators than the 1250-psi concept, but the $l0.2/kw(e) higher 

cost for the 2680-psi system reflects the much higher cost of Loeffler 

boilers in an external circuit, plus the cost of a secondary heat transfer 

system that is on line to generate steam for the turbine drives and to 

serve as an emergency cooling system. The modified reference 3700-psi 

coolant system design closely resembles the 1250-psi system,and costs 

$3.0/kw(e) less because of the much smaller steam circulator requirements. 

Both the 2680- and 3700-psi designs have reheaters to improve the 

thermal efficiency; there is no reheater specified for the 1250-psi design. 

The cost of reheaters adds $5,0/kw(e) and $5,4/kw(e) to the estimates for 

the 2680- and 3700-psi concepts, respectively. 

Instrumentation and control requirements are about the same for the 

three concepts; however, the 2680-psi design includes a burst slug detector 

that is not included in the other two designs, and which accounts for the 

$1.2/kw(e) higher cost for the 2680-psi instrumentation and control system. 
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Steam, condensate, and feedwater system costs are nearly the same for 

the 1250- and 2680-psi systems, since costs associated with the higher 

pressure requirement for the 2680-psi system tend to offset costs for the 

higher flow requirement of the 1250-psi system. The highest pressure 

(3700-psi) system costs over $2/kw(e) more than the other two. 

The difference of about $10/kw(e) in turbine-generator plant costs is 

one of the major cost differences between the 1250-psi concept and the two 

higher pressure concepts, A spread this large is not truly indicative of 

turbine-generator equipment cost differences, since the two higher pressure 

designs bear the cost of reheaters to obtain higher thermal efficiencies. 

If the cost of reheaters were Incl'ided with account 23 Instead of account 

22 costs, as is often done, the overall account 23 cost difference would 

be reduced to about $5 kw(e). 

At the suggestion of B&.W, ORNL revised the original 3700-psi design 

and estimated the Incremental costs of added safety features to make the 

3700-psi design equivalent to the 1250-psi concept. The incremental costs 

for these changes were as follows: 

Cost 
(millions of dollars) 

1. Modifications to reactor vessel to +2.5 
accept circulators and mixers 

2. Increase in size of 1000-psi +0.6 
secondary containment 

3, Revision of recirculating loop —2,0 
and reheater 

4. Addition of low pressure ter- +2.5 
tiary containment 

5, Addition of isolation condenser +0,8 
system 

Net total direct cost 4,4 
Indirect cost at 42^ 1,8 

Net total cost Increase 6.2 

6, Effect of lower efficiency ~1,5 

Total -7,7 
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Thus the unit cost of the 3700-psi concept with these added features \ 

was increased from about $ll4/kw(e) to the present value of $121.7/kw(e), 

6.1.4-. 3 GCFR. Since the general features of the gas-cooled fast 

reactor plant are similar to those of the HTGR plants, the latter concept 

was used as a basis for comparison. The reactor and other primary heat 

transfer components are housed in a PCRV, and primary steam is generated 

at 2400 psi and 1000°F in the reference GCFR design as in the HTGR backup 

design. The derated GCFR design operates with a coolant temperature 100°F 

lower than in the reference design, and generates steam at 1800 psi and 

900°F; however, the designs of reactor plant components are only slightly 

changed, if at all, because of the lower temperature operation. 

There are several significant differences, however, between the GCFR 

and HTGR backup designs that affect costs, as shown in Table 6.7. The fast 

reactor core of the GCFR is much more compact than the graphite-moderated 

core of the HTGR. This feature makes it possible to use a more compact 

PCRV, which is in the form of a horizontal rectangular prism, with the 

reactor in a center compartment and the helium circulators and heat ex

changers in two end compartments. This arrangement is in contrast to that 

of the PCRV for the HTGR which, for the backup design, is a vertical 

hexagonal prism with heat transfer system components located below the 

reactor. Cost estimates for the PCRV for the GCFR were based on unit 

costs consistent with those for the PCRV for the HTGR. Since it is much 

more compact, estimated costs are about $3.l/kw(e) lower than for the HTGR 

backup design. The cost of the graphite reflector in the HTGR design and 

a more expensive control rod system increases the total reactor equipment 

cost difference between HTGR and GCFR account 221 costs to about $8/kw(e) 

higher for the HTGR backup design and $3/kw(e) higher for the HTGR refer

ence design. 

The compact core and temperature restrictions in the GCFR result in 

about 20^ more total helium flow and about five times higher pressure drop 

than in the HTGR design. As a result the GCFR circulators and drives are 

estimated to cost about $6.4/kw(e) more than the HTGR circulators and 

drives. The lower helium temperatures of the GCFR require steam generators 

about twice the size of the HTGR backup design but use stainless steel in

stead of Inconel tubes. Because of this feature and because the design ofJ 
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Table 6.7. Comparison of GCFR (Reference Design) 
and HTGR (Backup Design) Unit Costs 

Account 

Unit Costs [$/kw(e)] 

GCFR HTGR 
Difference 
(GCFR - HTGR) 

21 Structures and improvements 15.0 11.5 

22 Reactor plant equipment 

221.1 Reactor vessel 
221.2 Control rods and drives 
221.4- Reflector 
222.1 Reactor coolant system 
222.3 Steam generators 
222.5 Coolant treatment 

Other accounts 

Total 130.0 123.3 

Variations 

14.5 
2.6 

10.3 
16.4 

2.8 

68.4 

17.6 
4 .4 
3.6 
3 .9 

13.4 
1.6 

67.3 

3.5 

-3.1 
-1.8 
-3.6 
6.4 
3.0 
1.2 

1.1 

6.7 

+15.2 
-8.5 

In the evaluation studies, ORNL recommended that the PCRV 
for the GCFR be enclosed in a secondary pressure containment ves
sel, whereas the requirement of secondary containment for the 
HTGR was not clearly indicated. Thus, the $3.5/kw(e) higher 
structure costs for the GCFR's are largely due to the cost of 
secondary containment. 

the steam generator for the GCFR is considered to be less complex than 

for the HTGR, unit costs ($/ft^) for the former are estimated to be lower. 

As a net result the GCFR steam generators are estimated to cost about 

$3.o/kw(e) more than those of the HTGR backup design. Because of still 

lower unit costs, the steam generators for the GCFR derated design are 

estimated to cost about $2.l/kw(e) less than the GCFR reference design 

units, even though surface area requirements are essentially the same in 

the two designs. 

The GCFR helium purification system is required to have a greater 

capacity than the HTGR system. This requirement explains the higher GCFR 

ipst in account 222.5. 
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Turbine-generator plant costs are essentially the same for the 

2400-psig/l000°F/l000°F steam cycles of the reference GCFR and backup 

HTGR designs. The HTGR account 23 costs are slightly higher, about 

$0.8/kw(e), because the circulator turbines are series fed by reheat steam, 

whereas the GCFR turbine drives have parallel feed discharging to separate 

condensers, which are priced with the turbine package. The turbine-

generator plant for the l800-psig/900°F/900°F cycle of the derated GCFR 

design costs about $2.o/kw(e) more because of the lower thermal efficiency. 

Compensating cost differences discussed above result in an estimated 

total unit cost difference of $6.7/kw(e) between the reference GCFR and 

backup HTGR plants, or $8.3/kw(e) difference between the GCFR and HTGR ref

erence designs, with the GCFR costs being the higher. 

From the engineering review of the GCFR, it was concluded that sig

nificant capital cost uncertainties exist in the following areas: 

1. Construction labor costs for the PCRV are not firm because of 

uncertainties in construction labor requirements. As a result of a number 

of complicating factors, construction time might be doubled from the 

present estimate. This could add approximately $5 million to the total 

unit costs estimated for this concept. 

2. Present uncertainties in heat transfer surface area requirements 

could affect the size of the steam generator units by 20^ or more and add 

about $3/kw(e) to the cost of the plant. 

3. Until more detailed safety analyses and some prototype experience 

are available, it is uncertain whether a secondary containment vessel 

around the PCRV of the GCFR plant will be required. In the ORNL estimate^ 

the incremental cost of containment added about $4/kw(e) to the total unit 

cost. However, some modifications, such as redesign of PCRV penetrations, 

may reduce the cost penalty somewhat below this value. 

6.1.5 Influence of Capital Costs on Energy Costs 

Capital investment costs are converted into energy costs by using an 

annual fixed charge rate of 13.7^ and an average effective lifetime plant 

factor of 0.8. The results are summarized in Table 6.8. It may be seen 

that the corresponding energy costs for the alternate coolant breeders 
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Table 6.8. Normalized Capital and Power Costs of 
Alternate Coolant Fast Breeders 

Concept 
Net Electric 
Power Level 

(MW) 

Total Cost 
($ millions) 

Associated 
Unit Cost^ Power 
[$/kw(e)] Costs^ 

(mills/kwhr) 

SCBR 

1250-psi system 
2680-psi system 
3700-psi system 

GCFR 

Derated plant 
Reference plant 

1012 
1000 
970 

1000 
1000 

130,26 
131.40 
118.86 

129.34 
130.03 

129.1 
131.4 
121.7 

129.3 
130.0 

2.53 
2.57 
2.38 

2.53 
2.54 

Adjusted to 1000 Mw(e) (net); see Section 3.3. 

Based on 13.7/̂  annual fixed charge rate and a plant factor of 0.8. 

range from a low of 2.38 mills/kwhr for the high-pressure SCBR to about 

2.53 to 2.57 mills/kwhr for all the others. 

6.2 Fuel Cycle Costs 

Fuel treatment costs for the alternate coolant fast breeder reactors 

were divided into four categories: namely (l) preparation, (2) fabrication, 

(3) reprocessing, and (4) shipping. These costs are discussed in the 

following paragraphs. 

6.2.1 Fuel-Preparation Costs 

Fuel preparation includes those operations necessary to convert makeup 

and recycle fuel material to the proper chemical and physical form for feed 

to the fabrication process. In this case, the assumed fuel preparation 

steps are the following: 

Recycled Pu(N03 )4 —*• UOa'PuOa (core) 
t 

D e p l e t e d UFg —>• UO3 

L UO2 ( b l a n k e t ) 
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The fuel preparation plant is assumed to be an integral part of either the 

fuel fabrication plant or the spent fuel reprocessing plant, or both, in 

that no site costs are included and sharing of supporting services and 

service personnel is assumed. The costs would be approximately 10^ higher, 

and there would be one or two additional shipping charges if the prepara

tion plant were independent. 

Fuel preparation costs as a function of plant capacity are plotted in 

Fig. 6.1. Costs are based on 260 production days per year and a 22^ annual 

charge on plant investment. Specific costs for 15,000- and 30,000-Mw(e) 

industries are summarized in Table 6.9. 

6.2.2 Fabrication Costs 

Fabrication costs for the alternate coolant fast breeder reactors for 

exposures of 100,000 and 50,000 Mwd/MT are given in Tables 6.10 and 6.11, 

respectively. The data are summarized in Tables 6.12 and 6.13. 
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Fig. 6.1. Spent Fuel Reprocessing Costs and Fuel Preparation Costs 
for Steam- and Gas-Cooled Fast Breeder Reactors. 



Table 6.9. Fiiel-Preparation (Conversion) Costs for Alternate-Coolant Fast 
Breeder Reactors with 15,000- and 30,OOO-Mw(e) Economies 

Basis: 1. 

3. 

Cost of preparation of UO2 and UO2-PUO2 for fabrication, 
starting from depleted UFg and PU(N03)4 
Preparation plant size assumed to match, the amo\mt and 
type of reactor Indicated 
260 production days per year 

SCBR 
1250 psi 

SCBR 
2680 psi 

High-Pressure 
SCBR 

3700 psi 
GCFR-4 

Industry size, Mw(e) 

Throughput rates 

UFe —• UO3, MT u/year 
UO3 + Pu(W03)4 -> U02-Pu02, MT (U + Pu)/year 
UO3 -* UO2, MT u/year 
Overall, MT (U + Pu)/day 

Unit costs^ 

15,000 30,000 15,000 30,000 15,000 30,000 15,000 30,000 

-* UO3, $/kg U 
+ Pu(N03)4 -» U02-Pu02, $/kg (U + Pu) 

UFe 
UO3 
UO^ -^ UO2, $/kg U 
Uverall average, $/kg (U + Pu) 

Mill/kwhr(&) 

421 
165 
279 
1.71 

3.57 
18.1 
2.32 
11.6 
0.p49 

843 
331 
55S 
3.42 

2.43 
13.9 
1.62 
8.50 
0.036 

350 
184 
193 
1.45 

4.00 
17.5 
2.80 
13.9 
0.049 

699 
367 
386 
2.90 

2,70 
13.5 
1.95 
10.3 
0.036 

419 
138 
309 
1,72 

3.55 
18.5 
2.17 
10.5 
0.045 

$38 
276 
618 
3.44 

2.44 
14.8 
1.53 
7.91 
0.034 

397 
132 
280 
1.58 

3.70 
19.50 
2.30 
11,38 
0.045 

794 
264 
560 
3.16 

2.50 
15.00 
1.60 
2.40 
0.030 

'Based on 22^year fixed charge rate on capital investment. 



Table 6.10. Fuel-Fabrication Costs for Alternate-Coolant Breeder Reactors 
with Core Fuel Exposures of 100,000 Mwd/MT 

Reactor Concept 

SCBR, 1250 psi 

SCBR, 2680 psi 

^CBR, 3700 psi 

GCFR-4 

Utility 
Size 
[Mw(e)] 

30,000 
15,000 

30,000 
15,000 

30,000 
15,000 

30,000 
15,000 

Fuel-Fabrication Requirements 
(kg heavy metal/day) 

Core 

1,272 
636 

1,420 
710 

1,062 
531 

1,012 
506 

Core Plus 
Axial Blanket 

2,614 
1,307 

2,108 
1,054 

1,398 
699 

1,832 
916 

Radial 
Blanket 

802 
401 

796' 
398 

2,040 
1,020 

1,336 
668 

Reactor 
Refueling 

3,416 
1,708 

2,904 
1,452 

3,438 
1,719 

3,168 
1,584 

Core 

197 
222 

166 
187 

167 
196 

149 
176 

Fuel-Fabrication Costs 
($/kg heavy metal) 

Core Plus 
Axial Blanket 

96 
109 

112 
127 

127 
149 

85 
101 

Radial 
Blanket 

48 
48 

39 
39 

37 
37 

40 
40 

Reactor 
Refueling 

$5 
94 

92 
103 

74 
83 

66 
76 

(V) 
0^ 

Core fuel exposure cost based on 22^/year capital charge rate. 



Table 6,11. Fuel-Fabrication Costs^ for Alternate-Coolant Breeder Reactors 
with Core Fuel Exposures of 50,000 Mwd/MT 

Reactor Concept 

SCBR, 1250 psi 

SCBR, 2680 psi 

SCBR, 3700 psi 

GCFR-4 

Utility 
Size 
[Mw(e)] 

30,000 
15,000 

30,000 
15,000 

30,000 
15,000 

30,000 
15,000 

Fuel-Fabrication 
(kg heavy me 

Core 

2,544 
1,272 

2,840 
1,420 

2,124 
1,062 

2,024 
1,012 

Core Plus 
Axial Blanket 

5,228 
2,614 

4,216 
2,108 

2,796 
1,398 

3,664 
1,832 

L Requirements 
tal/day) 

Radial 
Blanket 

802 
401 

796 
398 

2,040 
1,020 

1,336 
668 

Reactor 
Refueling 

6,030 
3,015 

5,012 
2,506 

4,836 
2,418 

5,000 
2,500 

Core 

180 
197 

152 
166 

146 
167 

13b 
149 

Fuel-Fabrication Costs 
($/kg heavy metal) 

Core Plus 
-Axial Blanket 

88 
97 

103 
112 

ni 
127 

74 
85 

Radial 
Blanket 

48 
48 

39 
39 

37 
37 

40 
40 

Reactor 
Refueling 

79 
85 

85 
93 

67 
74 

60 
67 

Core fuel expos\ire cost based on 22^/year c a p i t a l charge r a t e . 
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Table 6.12. Fuel Fabrication Costs as a Function of 
Utility Size and Fuel Exposure* 

Utility Core Fuel Fuel-Fabrication Cost [mill/kwhr(e)] 

Size Exposure „„ „ „-, ̂  
[Mw(e)] (Mwd/MT) , Sf^ . „,|^^^ . ,„^^^^ . GCFR-4 

^ ' ^ ' ' 1250 psi 2680 psi 3700 psi 

30,000 100,000 0.36 0.33 0.31 0.23 

15,000 100,000 0.40 0,37 0.35 0.26 

30,000 50,000 0.59 0.53 0.40 0.37 

15,000 50,000 0.63 0.58 0.44 0.41 

*Costs based on 22^/year capital charge rate. 

Table 6.13, Fuel Fabrication Costs as a Function of 
Utility Size and Fuel Exposvire* 

Utility Core Fuel ^^"^ Fabrication Cost ($/kg heavy metal) 

Size Exposure TZI 
[Mw(e)] (Mwd/MT) , „^^™ . ,.^^^ . ^^^^^^ . GCFR-4 
"̂  ^ ' ^ ' ^ 1250 psi 2680 psi 3700 psi 

30,000 100,000 85 92 74 66 

15,000 100,000 94 103 83 76 

30,000 50,000 79 85 67 60 

15,000 50,000 85 93 74 67 

* Costs based on 22^/year capital charge rate. 

Since the GCFR sponsor proposed the use of a fission gas pressure 

equalizing system in lieu of a gas plenum at the top of each pin, calcula

tions were performed to compare fabrication costs for these two approaches. 

The results are summarized in Table 6.14. 

It may be seen that at low throughputs (below 1000 kg/day), the 

sealed pin concept is probably cheaper; however, the manifolded concept 

may be cheaper at higher throughputs. The additional costs entailed by 

fabricating the fission gas collection and pressure equalizing system and 
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Table 6,14, Comparison of Fabrication Costs of Nonvented 
and PressTire Equalizing Fuel Pins 

Plant 
Capacity 
(kg/day) 

250 
500 
750 

1,000 
1,500 
2,000 
3,000 
4,000 
6,000 
10,000 

Nonvented Fuel Pins 

$/kg 

217,58 
176,37 
158,97 
149.16 
137,56 
130.46 
121.79 
116.47 
110.25 
103.61 

$/Element 

4,460 
3,525 
3,072 
2,786 
2,428 
2,202 
1,920 
1,741 
1,517 
1,276 

Pressure Equalizing Fuel Pins 

$/kg 

218.0^234.05 
174.28-186.89 
155.60-166.60 
144.99-154.96 
132.37-141.06 
124.63-132.51 
115.15-122.03 
109.31-115.54 
102.45-107.88 
95.1(^99.67 

$/Element 

5,899-7,865 
4,663-6,217 
4,064-5,418 
3,68^-4,914 
3,212-4,283 
2,913-3,885 
2,539-3,385 
2,303-3,071 
2,007-2,676 
1,687-2,250 

its assembly as part of the fuel bundle were based on costs of materials, 

machining, brazing, and assembly. These costs were partially compensated 

by the lack of a fission gas plenum in the pressure equalized pins. 

6.2,3 Shipping Costs 

The costs of shipping irradiated fuel elements were computed with a 

special computer code, MYRA,-'̂  Cooling times of 30 days for core elements 

and 90 days for blanket elements were selected as compromises between 

$horter cooling times that would be more economical and longer times that 

\»-ould reduce the heat and activity of the elements. Costs include: 

(l) loading, unloading, rigging, testing, and decontamination, (2) in

surance, (3) railroad freight charges, and (4) annual fixed charges on 

cask costs. Other assumptions and cost bases were;(l) 1000-mile shipment 

each way, (2) compliance with AEC dose limits of 10 mr/hr at 6 ft from 

outside the vehicle, (3) maximum weight of cask of 120 short tons, (4) cask 

cost of $1.25 per pound of cask weight, and (5) casks shared sufficiently 

among plants to reach a maximum utilization of 80^. 

Costs were also estimated for shipping recycled fresh fuel of moderate 

gamma activity and virgin fuel of zero gamma activity, where applicable. 
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These shipping costs are summarized in Table 6.15. The unit shipping costs 

were combined with the mass balances throughout the lifetime of the re

actors to obtain levelized values for the effect of shipping costs on the 

unit fuel cycle costs. 

Table 6.15. Fuel Shipping Costs 

Reactor 
Fuel 

Assembly 
Type 

Year 
Shipped 

Cooling 
Time 
(days) 

Shipping Costs 
($/Kg heavy metal) 

Spent Fresh Recycled 
Fuel Fuel Fuel 

SCBR, 1250 psi Core a,nd axial 1980 
blanket 1990 

Radial blanket 1980 
1990 

SCBR, 2680 psi Core and axial 1980 
blanket 

blanket 

GCFR 
blanket 

1990 

Radial blanket 1980 
1990 

SCBR, 3700 psi Core and axial 1980 
1990 

Radial blanket 1980 
1990 

Core and axial 1980 
1990 

Radial blanket 1980 
1990 

30 
30 

90 
90 

30 
30 

90 
90 

30 
30 

90 
90 

30 
30 

90 
90 

12.00 
11.00 

2.50 
2.10 

10.00 
9,00 

2.20 
1.80 

18.00 
16,00 

3.00 
2.50 

14.00 
13.00 

2.80 
2.40 

1.70 
1.50 

0.55 
0.45 

1.20 
1,00 

0,50 
0.40 

2.00 
1.70 

0.60 
0.50 

2.00 
1.70 

0.60 
0.50 

2.40 
2.10 

2.00 
1.80 

2.70 
2.40 

2.60 
2.30 

6.2.4 Reprocessing Costs 

Spent fuel reprocessing cost estimates were based on published costs 

of reprocessing plants.^^' These costs were revised by ORNL to include 

the effect of escalation, competitive conditions, head-end treatment, 

throughput rates, land, startup costs, working capital, and ultimate waste 
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^Risposal, Reference capital costs were $29 million based on Nuclear Fuel 

Service's l-Ml/day light water reactor fuel processing plant (260 MT/year) 

and $62 million for a du Pont designed 9-MT/day plant (2350 MT/year), but 

costs for the breeder fuel reprocessing plants are higher because of higher 

burnups, shorter cooling times, and the presence of plutonium. Operating 

costs include Interim and ultimate waste disposal charges, and storage 

charges for depleted uranium were estimated so that the estimators could 

plan on recycle of depleted uranium or not, depending on the economics 

of the particular case. Since the plants were assumed to handle a single 

type of fuel, no "turnaround" penalty was applied per se; however, the 

number of operating days per year was taken as 260 to allow for periodic 

cleanup and SF accountability. 

Processing costs for the alternate coolant fast breeder reactor con

cepts are shown in Table 6.16 for industry sizes of 15,000 and 30,000 Mw(e) 

and are shown in Fig. 6,1 as a function of throughput. The reference cases 

for 15,000-Mw(e) capacity are located at the higher cost end of these 

curves. 

6.2.5 Suimnary of Fuel Cycle Costs 

Fuel cycle costs were obtained for each concept by using the present 

value discounting technique to obtain 30-year lifetime costs. The average 

fuel cost was determined by computing the present value (discounted to 

reactor startup) of all future costs and dividing it by the discounted 

amount of energy sold during the life of the plant. This levelized cost 

represents the fixed price that must be received per unit of electricity 

in order to pay all costs associated with the fuel cycle. It was assumed 

that neither the reactor load factor nor the unit cost of purchased mate

rials or services varied during plant life. 

For the computation of interest costs, it was assumed that fuel pur

chase would be subject to a 13.2^ annual charge, working capital funds 

would bear a 12.8^ annual charge, and spent fuel shipping and reprocessing 

would be treated as nontaxable operating costs at 7.2^ per annum. The 

resulting fuel cycle costs are summarized in Table 6.17. 



Table 6.16. Spent Fuel Reprocessing Costs for Alternate Coolant Fast Breeder Reactors 
with 15,000- and 30,000-Mw(e) Economies 

Basis: 1. Single purpose, central, aqueous processing plants sized to match 
the assumed amount and type of reactor indicated 

2. 260 production days per year 

SCBR SCBR SCBR , 
1250 psi 2680 psi 3700 psi GCĴ R-4 

Industry size, Mw(e) 15,000 30,000 15,000 30,000 15,000 30,000 15,000 30,000 

Throughput rate, U + Pu + FP 

MT/year 
MT/day 

Capital investment, $ million 

Annual operating cost, $ million 

Annual waste charge, $ million 

Annual charge for depleted-uranium 
storage, $ million 

Unit total cost* 

$/kg 39.3 26.8 43.1 29.4 36.8 24.7 41.2 27.6 
Mill/kwhr(e) 0.166 0.113 0.155 0.105 0.163 0.111 0.161 0.108 

444 
1.71 

47.6 

4.45 

1.78 

0.74 

$88 
3.42 

60.7 

5.99 

3.20 

1.28 

377 
1.45 

45.0 

4.16 

1.58 

0.63 

754 
2.90 

57.4 

5.57 

2.84 

1.13 

447 
1.72 

47.8 

4.46 

1.48 

0.73 

894 
3.44 

60.8 

6.01 

2.65 

1.32 

411 
1.58 

46.4 

4.31 

1,74 

0.69 

823 
3.16 

58,7 

5.75 

2,85 

1.24 

vBased on 22^/year fixed charge rate on capital investment. 
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Table 6.17. 30-Year Levelized Fuel-Cycle Costs for 
Alternate Coolant Breeder Reactors^ 

Costs (mills/kwhr) 

SCBR SCBR SCBR ^^^ 
1250 psi 2680 psi 3700 psi ^ „ T̂  4. ^ •^ ^ ^ Reference Derated 

Burnup, U + Pu 

Preparation and fabrication 

Processing and shipping 

Inventory, U + Pu 

Working capital Interest 

Total 

-0.39 

0.50 

0.21 

0.87 

0.17 

1.36 

-0.11 

0.43 

0.17 

0.89 

0.14 

1.52 

-0,05 

0.41 

0.18 

0.68 

0.04 

1.26 

-0.45 

0.38 

0.20 

0.76 

0.07 

0.96 

-0.45 

0.40 

0.21 

0.82 

0.07 

1,05 

'Based on 15,000-Mw(e) industry. 

6.3 Operating and Maintenance Costs 

Operating and maintenance costs include payroll costs, repair and 

maintenance labor and materials, contract services, and insurance. These 

costs are based on data and ground rules given in the latest draft of 

"Guide for Economic Evaluations of Nuclear Reactor Plant Designs" prepared 

for the U.S. Atomic Energy Commission by the NUS Corporation and dated 

November 1967. A breakdown of these costs for the reactors considered in 

this evaluation is given in Table 6.18. 

6.4 Power Costs 

Data on costs given previously for fuel preparation, reprocessing, 

shipping, capital, and operating and maintenance are combined and sujmna-

rlzed in Table 6.19 to provide a basis for comparing total power costs in 

the various concepts. Capital and operation and maintenance costs could 

be transposed directly from the individual sections into the summary, but 

the component parts of fuel cycle costs vary throughout the operating life 

of the individual reactor system. Consequently, it was necessary to feed 
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Table 6.18, Operating and Maintenance Costs 

Payroll 

Consumable supplies 

Outside support 

Administration and general 

Coolant makeup 

Nuclear liability insurance 

Total 

Unit costs,^ mill/kwhr 

SCBR 
1250 psi 

776 

600 

130 

204 

327 

1,987 

0,28 

Costs (tb 

SCBR 
2680 psi 

726 

600 

130 

204 

316 

1,976 

0,28 

Dusands of 

SCBR 
3700 psi 

726 

600 

130 

204 

311 

1,971 

0,28 

dollars) 

GCFR-4B 
Derated 

771 

600 

130 

210 

64 

320 

2,095 

0,30 

GCFR-4 
Reference 

771 

600 

130 

210 

64 

316 

2,091 

0.30 

At a power factor of 0.8. 

Table 6.19. Power Costs for Investor Owned Alternate 
Coolant Breeder Reactors 

Costs (mills/kwhr) 

Concept Fuel Operation 
Capital _ ^ and Total 

Cycle ,, . , 
Maintenance 

SCBR 

1250-psi system 
2680-psi system 
3700-psi system 

GCFR 

Backup plant 
Reference plant 

2.52 
2.57 
2.38 

2.53 
2.54 

1.36 
1.52 
1.26 

1.05 
0,96 

0.28 
0.28 
0.28 

0.30 
0.30 

4.17 
4.37 
3.92 

3.88 

3.80 
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^Bbhe mass balances over the reactor lifetime and the components of fuel 

cycle costs into the computer program to arrive at 30-year levelized fuel 

cycle costs. 

Power costs for the GCFR's and the 3700-psi SCBR are in the range of 

3.8 to 3.9 mills/kwhr, while costs for the other two SCBR's range from 

4.2 to 4.3 mills/kwhr. 

Although the carbide fueled GCFR design was not evaluated by ORNL, 

power costs were estimated to indicate the cost potential of this more 

advanced GCFR design. GGA estimates indicated that the capital cost for 

the carbide fueled GCFR would be slightly lower than for the reference 

oxide fueled GCFR. However, the plant designs on which the costs were 

based are at such a preliminary stage that it seems reasonable that no 

credit be taken for the apparent cost decrease. Therefore, it was assumed 

that the capital costs for the carbide and reference oxide fueled plants 

would be the same; that is, $130/kw(e) at 13.7^ fixed charge rate and a 

0.8 power factor. Operating and maintenance costs were also assumed to 

be the same for the two plants. Fuel cycle costs were based on GGA physics 

results for the equilibrium cycle and unit cost estimates prepared by ORNL. 

The resulting power costs are presented below: 

Cost 
(mills/kwhr) 

Capital cost 2.54 

Fuel cycle cost 0.55 

Operating and 0.30 
maintenance cost 

Total 3,39 
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7. RESEARCH AND DEVELOPMENT PROGRAMS i 

The following research and development estimates and proposed sched

ules are based primarily on estimates provided by the proponents. The 

AEC considers these estimates to be optimistic and concludes, based on 

experience with other difficult development projects, that the costs 

would be several times the projected levels and the time requirements 

would be correspondingly extended. 

7.1 Steam-Cooled Breeder Reactors 

7.1.1 Annual and Total Costs 

The research and development programs for steam-cooled fast breeder 

reactors include design, construction, and operation of a 50-Mw(e) experi

ment, a 500-Mw(e) power prototype plant, and cost assistance for the 

first-of-a-kind commercial demonstration plant of lOOO-Mw(e) capacity,'̂ •'• 

In addition to the reactor construction and testing program, parallel ef

forts are to include development of materials and components and research 

and development on the safety and thermal-hydraulic and physics character

istics of the reactors. It is assumed that fuel materials for fast breeder 

reactors will be developed as a part of the liquid metal-cooled fast 

breeder reactor program, but some development work will be necessary for 

determination of the best cladding material for compatibility with the 

steam coolant. Separate programs have been developed for the 1250- and 

the 3700-psi reactors, as well as a combined program for the two. In each 

of the separate programs, the reactor experiment, the prototype power plant, 

the lOOO-Mw(e) demonstration plant, and the research and development pro

grams have been included, and in the combined program all six of the re

actors have been included with combined research and development programs. 

Table 7.1 gives the cost breakdown by years for the 1250-psi program; 

Table 7.2 gives the breakdown by years for the 3700-psi program; and 

Table 7.3 gives the breakdown by years for the combined program. It can 

be seen that the supporting research and development programs constitute 

a relatively small fraction of the total development costs, with the major 

costs being attributable to the reactor experiments and the demonstration 
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Table 7.1. 1250-psi SCBR Research and Development Costs 

Fiscal 
Year 

1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 

50-M̂ .̂ (e) 
Reactor 
Experiment 

1,250 
4,500 
6,700 
6,700 
3,000 
3,000 
3,000 
3,000 

Costs (thousands of dollars) 

500-Mw(e) 
Prototype 

Plant 

200 
100 
100 
200 

3,900 
19,000 
26,400 
28,100 
23,200 
12,070 
11,270 

lOOO-Mw(e) 
First 

Commercial 
Planta 

200 
100 
100 
100 
100 
100 
200 
900 

2,000 
3,200 
4,500 
4,500 
3,000 

Support
ing Work 

6,272 
7,422 
7,118 
6,429 
5,036 
3,006 
2,080 
1,275 
900 

1,200 
900 
900 

Total 

Total 

7,922 
12,122 
14,018 
13,429 
15,736 
25,106 
31,680 
33,275 
29,100 
16,470 
16,670 
5,400 
3,000 

223,928 

Costs include only first-of-a-kind engineering and construc
tion assistance. 

Table 7.2. 3700-psi SCBR Research and Develc^ment Cfosts 

Fiscal 
Year 

1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 

50-Mw(e) 
Reactor 

Experiment 

1,250 
4,500 
6,700 
6,700 
3,000 
3,000 
3,000 
3,000 

Costs (thousands of dollars) 

500-Mw(e) 
Prototype 
Plant 

200 
100 
100 
200 

3,900 
18,000 
22,600 
28,100 
19,500 
8,562 
8,562 

lOOO-Mw(e) 
First 

Commercial 
Planta 

200 
100 
100 
100 
100 
100 
200 
900 

2,000 
3,000 
3,900 
4,000 
3,000 

Support
ing Work 

7,282 
8,022 
7,348 
6,659 
5,196 
3,006 
2,080 
1,275 
900 

1,200 
900 
900 

Total 

Total 

8,932 
12,722 
14, 248 
13,659 
15,896 
24,106 
27,880 
33,725 
25,400 
12,762 
13,362 
4,900 
3,000 

210,142 

Costs include only flrst-of-a-kind engineering and construc
tion assistance. ' 
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Table 7.3. Annual and Total Costs for Developing 1250- and 
3700-psi Steam-Cooled Breeder Reactors Simultaneously 

Fiscal 
Year 

Costs (thousands of dollars) 

Two 50-Mw(e) 
Experiments 

Two 500-Mw(e) 
Prototype 
Reactors 

400 
200 
200 
400 

7,800 
37,000 
49,000 
56,200 
42,700 
20,632 
19,832 

Two lOOO-Mw(e) 
Commercial 
Plants* 

400 
200 
200 
200 
200 
200 
400 

1,800 
4,000 
6,200 
8,400 
8,500 
6,000 

Supporting 
Work Total 

1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 

2,500 
9,000 

13,400 
13,400 
13,400 

6,000 
6,000 
6,000 
6,000 

11,759 
13,782 
12,585 
11,538 

8,824 
5,044 
3,843 
2,363 
1,800 
2,400 
1,800 
1,800 

Tota l 

15,059 
23,182 
26,385 
25,538 
30,224 
48,244 
59,243 
66,363 
54,500 
29,332 
30,032 
10,300 
6,000 

424,302 

*Costs include only first-of-a-kind engineering and construction 
assistance. 

reactors. It is roughly estimated that these supporting research and de

velopment programs benefit from LMFBR programs by a saving of approximately 

$7 to $10 million. 

7.1.2 Summary of Important Milestones 

Based on allowing five years for design and construction of each 

reactor and operating for four years to obtain data for construction of 

the core for the next reactor, a summary of important milestone dates is 

given in Table 7.4. The start of the research and development program, 

including conceptual design of all three sizes of each concept, is assumed 

to be in July 1968, and startup and preliminary testing of the lOOO-Mw(e) 

reactor begins in January 1981. 
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Table 7.4. Summary of Important Milestone Dates in Steam-Cooled 
Fast Breeder Reactor Development Programs* 

Start of program 
50-Mw(e) experiment design start 
500-Mw(e) prototype reactor design start 
50-Mw(e) experiment construction complete 
Control-rod drive development complete 
50-Mw(e) experiment test and operation start 

Component development complete 
Physics research and development complete 
Coolant chemistry development complete 
Fuel assembly development complete 
Instrumentation and control development complete 
Management research and development complete 
lOOO-Mw(e) demonstration plant design start 
Reactor safety research and development complete 
500-Mw(e) prototype plant in operation 
500-Mw(e) demonstration plant in precommercial operation 

Contract let for four lOOO-Mw(e) plants 
lOOO-Mw(e) demonstration plant begins commercial operation 
Four commercial plants available 

7-1-68 
7-1-68 
7-1-72 
7-1-73 
7-1-79 
12-1-73 to 
7-1-77 
7-1-74 
7-1-79 
7-1-74 
7-1-79 
7-1-79 
7-1-79 
1-1-76 
7-1-76 
12-1-77 
12-1-77 to 
7-1-79 
1-1-79 
1-1-81 
1982 

*Same for all pressures or combined program involving two different 
pressures. 

7.1,3 'Dates of Commercial Availability 

The schedule of important milestone dates given in Table 7,4 indicates 

the beginning of commercial operation of the large-scale reactor by 

January 1, 1981, based on a program starting July 1, 1968. It would be 

reasonable to assume that four lOOO-Mw(e) steam-cooled fast breeder re

actors could be available for commercial operation by December 31, 1982. 

7.2 Gas-Cooled Fast Breeder Reactors 

The research and development program outlined by GGA for helium-

cooled fast reactors in.iludes the design and construction of a lOO-Mw(th) 

(with no electrical generation) gas-cooled reactor experiment (GCFRE) 

costing $33.6 million. The annual operating cost for this experiment is 

.estimated to be $3 million, including charges on the fuel. An extensive 
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fuel irradiation program is included that utilizes the FFTF and other 

facilities at a cost of $77.7 million. Other aspects of the program, 

which include program planning and design studies, core materials develop

ment, core mechanical and thermal tests, and components development, add 

another $52.2 million to bring the total cost of the GGA development plan 

for the GCFR to $187,5 million through 1980 (including eight years of 

operating costs for the GCFRE). 

These cost figures do not include costs for developing carbide fuels 

or any other research and development costs in the LMFBR and HTGR programs 

These programs will contribute an estimated $200 million worth of appli

cable research and development to the GCFR program. 

Also not Included in the above figures are the cost assistance re

quired for an intermediate size prototype plant and the first lOOO-Mw(e) 

demonstration plant. It was the opinion of the task force that a proto

type plant with a power level of about 300 to 500 Mw(e) should be Included 

in the development program. This would require perhaps $40 million in 

financial assistance, over and above power plant costs. The first 1000-

Mw(e) GCFR demonstration plant would require about $20 million for engi

neering and construction cost assistance as a first-of-a-kind plant. 

The total of the above development costs is $247,5 million; and these 

expenditures would lead to operation of the first lOOO-Mw(e) GCFR in 1980, 

A review of the schedule of important milestones, with the addition of the 

prototype, led ORNL to conclude that the first lOOO-Mw(e) commercial de

rated GCFR plant probably could be in operation in December 1980. This 

results in introduction of four commercial plants of this type in 1982 and 

four lOOO-Mw(e) reference design plants two years later, 

7.2.1 Performance Characteristics of Preferred and 
Alternative Designs 

Three concepts were selected by General Atomic for consideration in 

the system analysis study. These are (l) the GCFR-4D first lOOO-Mw(e) 

prototype plant, (2) the GCFR reference oxide fueled design, and (3) the 

reference carbide fueled GCFBR, The important performance characteristics 

of these three designs are summarized in Table 7,5. In cases where ORNL's 



141 

Table 7 .5 . Performance Charac te r i s t ics of lOOO-Mw(e) GCFR Concepts 

GCFR-4D 
Prototype 

315/590 

1250 

900/900 

1800 

37.3 

UO2-PUO2 hollow 
pellets 

650 

16.5 

50-100 

820 

5.2 

257 

1.5 

11 

1.05 

3.88 

GICFR-4 
Reference, 
Oxide Fueled 

340/635 

1250 

1000/1000 

2400 

39.5 

UO2-PUO2 hollow 
pellets 

700 

18 

100 

855 

4.8 

277 

1.5 

10 

0.96 

3.80 

GCFR-C 
Reference, 
Carbide 
Fueled 

315/587 

1750 

900/900 

1800 

37.3 

He-bonded 
UC-PuC 

700 

30 

150 

1500 

2 

615 

1.60 

5 

0.55 

3.39 

Helium temperature, inlet /outlet , °C 

Helium pressure, psi 

Steam temperature, °F 

Steam pressure, psi 

Net plant efficiency, % 
Fuel material 

Maximum cladding temperature,^ °C 

Maximum heat rating, kw/ft 

Core burnup, Mwd/kg (max) 

Fuel specific power, kw/kg f iss i le Pu 

Fissile inventory ( to ta l ) , kg/Mw(e) 

Power density, kw/liter 

Breeding ratio 

Exponential doubling time, years 

Fuel-cycle cost,'-' mills/kwhr 

Power cost, mills/kwhr'^ 

At 100^ power, with no engineering factors included. 

Assumed 15,000-Mw(e) industry size. 

"Investor-owned u t i l i t y . 

c a l c u l a t e d des ign condi t ions d i f f e r wi th those of GGA, t h e former a re used 

as a b a s i s for comparison. 

I t may be seen from Table 7.5 t h a t t h e main d i f f e r ences of the t h r e e 

concepts a re r e l a t e d t o t h e type of fuel and i t s performance. The planned 

development program, while aimed p r i m a r i l y a t achieving t h e performance of 

the GCFR-4D design, hopeful ly w i l l a l s o e s t a b l i s h the f e a s i b i l i t y of the 

GCFR-4 re fe rence oxide fueled des ign . Since the performance gains achieved 

by t h i s l a t t e r concept appear t o be q u i t e minimal (as i n d i c a t e d in the 

t a b l e ) , very l i t t l e incremental development work can be j u s t i f i e d i f t he 

h igher r a t ed fue l does not prove t o be f e a s i b l e . Development of the ca r 

b ide fue l i s expected t o be achieved in t h e LMFBR program; t h e r e f o r e , no 
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development work on this type of fuel is included in the GCFR program. 

If carbide fuels are developed and operate as expected, this would result 

in an appreciable performance gain for the GCFR at relatively little added 

development cost, 

7.2.2 Problems Associated with Each GCFR Design Alternative 

The three concepts being considered are enough alike so that solutions 

to the problems associated with the GCFR-4D prototype plant will be equally 

applicable to the reference oxide fueled and carbide fueled designs. These 

common problems include? (l) more accurate design information, (2) fuel 

element development, (3) core structure development and testing, (4) helium 

circulator development, (5) steam-generator development, (6) PCRV develop

ment, and (7) safety analyses. The only additional problem associated 

with the reference oxide fueled design over the derated design is related 

to the effect of increasing the linear heat rating from 16.5 to 18 kw/ft, 

which might result in center melting of fuel. The only new problem for 

the reference carbide fueled design is the design and development of a 

PCRV capable of withstanding 1750 psi compared with 1250 psi for the 

oxide fueled design. 

7.2.3 Costs of Program 

Annual and total costs of individual programs are summarized in 

Table 7.6. As may be seen, total costs range from $10 million to $25 

million per year,and add up to $188 million by 1980, Not included are 

costs of the LMFBR and HTGR programs that contribute about $200 million 

worth of applicable research and development effort to the GCFR program. 

Also not included in the above figures are the cost assistance re

quired for an intermediate size prototype plant and the first lOOO-Mw(e) 

demonstration plant. It was the opinion of the task force that a proto

type plant with a power level of about 300 to 500-Mw(e) should be included 

in the development program. This would require perhaps $40 million in 

financial assistance. The first lOOO-Mw(e) GCFR demonstration plant would 

require about $20 million for engineering and construction cost assistance 

as a first-of-a-kind plant. This would raise the total costs of the GCFR 



Table 7.6. Summary of GCFR Development Costs Proposed by Gulf General Atomic 

Costs (thousands of dollars) 

CY-68 CY-69 CY-70 CY-71 CY-72 CY-73 CY-74 CY-75 CY-76 CY-77 CY-78 CY-79 

FY-68 FY- FY-70 FY-71 FY-72 FY-73 FY-74 FY-75 FY-76 PY-77 FY-78 FY-79 FY-80 

Total 

Program planning and design studies 

Physics development 

Core development 

Design and analysis 
Materials and fabrication 
Mechanical and thermal tests 
Irradiation program 

Plant components development 

Concrete reactor vessel (PCRV) 

Plant studies 

Subtotal 

GCFRE design and construction 

Physics development and design 
Core and component development 
Construction 
Operation and fuel charge 

S u b t d t a l GCFRE 

FFTF loop rental 

Multirod loop 
Components loop 

Subtotal FFTF rental and loops 

Total development cost 

600 

620 

100 
200 
80 
170 

70 

100 

600 

780 

100 
475 
850 

2,850 

70 

150 

600 

680 

200 
800 
850 

4,050 

600 

80 

150 

600 

680 

200 
800 

1,050 
4,550 

800 

130 

150 

600 

550 

200 
425 

1,500 
3,350 

600 

250 

150 

600 

860 

100 
400 

1,000 
4,250 

300 

480 

150 

6 

1 

500 

830 

200 
150 
400 
,000 

300 

,070 

150 

500 

650 

200 
50 
200 

8,040 

400 

720 

150 

400 

810 

100 
50 
300 

8,180 

850 

500 

150 

400 

810 

100 
150 

1,100 
5,650 

2,850 

240 

150 

400 

440 

50 
150 

1,000 
5,000 

300 

10 

150 

400 

190 

50 
100 
300 

5,000 

200 

150 

400 

140 

30 
50 

2,100 

100 

150 

6,600 

8,040 

1,630 
3,800 
8,630 
59,190 

7,300 

3,620 

1,900 

1,940 5,875 8,010 3,960 7,625 8,140 9,600 10,910 11,340 11,450 7,500 6,390 2,970 100,710 

350 460 640 490 
880 3,120 2,760 580 

1,000 13,000 11,250 

230 340 
150 50 

8,330 
3,000 

240 140 140 105 

3,000 3,000 

3,135 
7,540 
33,580 

3,000 3,000 3,000 3,000 3,000 24,000 

1,230 4,580 16,400 12,320 8,710 3,390 3,140 

2,450 
640 

3,090 

3,140 

2,450 
640 

3,090 

3,105 

2,45C 
640 

3,090 

3,000 

2,450 
640 

3,090 

3,000 

2,450 
640 

3,090 

3,000 

2,450 
640 

3,090 

68,255 

14,700 
3,840 

18,540 

3,170 10,455 24,390 21,280 16,335 11,530 12,840 17,140 17,570 17,645 13,590 12,480 9,060 187,505 
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development program to $248 million. It appears that this level of support 

would be adequate to achieve the development required for a lOOO-Mw(e) 

commercial plant, 

7.2.4 Important Milestones 

The most important of the GCFR milestones are the dates of avail

ability of various experimental facilities. The first of these is the 

GCFRE, for which construction is expected to start in January 1970* 

Irradiation of test fuel element bundles is to start by April 1973, The 

given schedule for the construction and operation of the GCFRE as a fuel 

test facility does not appear unreasonable; however, it makes no allowance 

for any possible setbacks that might occur. 

The 300-Mw(e) prototype plant depends on the GCFRE to prove the fuel 

element design. Thus, the prototype plant could not go into operation 

before adequate irradiation data were obtained from the GCFRE. The 1000-

Mw(e) commercial plant should lag the prototype plant by two or three 

years. The important milestones in the development schedule proposed by 

ORNL are listed below, 

1. Start design of GCFRE in July 1968; in operation by December 1973, 

2. Start design of 300-Mw(e) prototype plant by December 1971; in 

operation December 1977. 

3. Commit first lOOO-Mw(e) demonstration plant (GCFR-4D) by December 

1975; in operation December 1980. 

4. Commit four lOOO-Mw(e) commercial plants (GCFR-4D) by December 

1978; date of introduction is 1982. 

5. Reference oxide fueled GCFR could be Introduced two years later. 

6. The reference carbide fueled GCFR depends on the LMFBR carbide 

fuel development program, with the date of introduction being 1986, 

7.2.5 A.pplicabillty of Other Research and Development Work 
to the GCFR Program 

Analyses were made of the LMFBR and HTGR programs to determine what 

parts would be applicable to GCFR development ,-'-̂  In the case of the LMFBR 

program, the analysis emphasized core design, fuel recycle, physics, and 

fuel irradiation work. In the case of the HTGR, work on circulators, 



145 

steam generators, and the PCRV was found to be applicable. Table 7.7 lists 

total costs of programs in the given areas and the amounts applicable to 

GCFR development. 

Table 7.7. Applicability of Other Research 
and Development Programs to GCFR 

IMFBR program 

Core design 
Fuel recycle 
Physics 
Fuel irradiations 

HTGR program 

Circulators 
Steam generators 
PCRV 
Other 

Total Cost 
($ millions) 

40.6 
U5.5 
108.4 
~300 

1.8 
1.9 
5.2 

42.7 

Cost of Work 
Applicable 
to GCFR 

($ millions) 

6.7 
85.9 
9.3 

100 

1.0 
1.0 
5.0 
0 
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8. CONCLUSIONS 

This report presents evaluations of the technical feasibility, physics 

performa,nce, and economics of steam- and gas-cooled fast breeder reactors. 

In attempting to draw meaningful and significant conclusions from this 

study, the committee was acutely aware of the limitations imposed by the 

nature of the Information provided. In particular, the widely different 

stages of prior design refinement represented in the reference designs 

provided, and the differing degrees of conservatism reflected in these, 

rendered the drawing of comparisons extremely difficult. Additionally, 

the committee recognized that meaningful assessment of widely differing 

reactor types involved far more than the substantiation of performance 

and its numerical comparison. Qualitative judgments of reliability, main

tainability, and of the degree of departure from present experience in

volved, as well as the extent of future developmental potential, for ex

ample, are at least equally important. Nevertheless, the following impor

tant conclusions have emerged in the course of this study: 

1. Fast breeder reactors cooled by gas or steam are technically 

feasible in that no research and development breakthroughs are required. 

2. Both steam- and gas-cooled reactors are capable of operating with 

breeding ratios of interest. The gas-cooled breeder reactor, due to its 

harder neutron spectrum,̂  can achieve the highest breeding ratio. Breeding 

ratios of low pressure steam-cooled reactors can be attractive, if some

what lower. The conversion ratios attainable in supercritical pressure 

steam-cooled reactors, on the other hand, can be compared with those 

achieved in the advanced converter reactors. 

3. The loss-of-coolant accident or the loss-of-flow accident (more 

properly, depressurization) is a major consideration in the sa*fety analysis 

of reactors operating with pressurized coolant in that forced circulation 

of coolant must be guaranteed. Nevertheless, it appears that engineered 

safeguards could cope with realistic depressurization rates in the gas-

and steam-cooled reactors. 

4. On the basis of the designs evaluated and the combined criteria 

of low power costs and good breeding capability, GGFR's have the most 
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^ ^ potential of the concepts considered. Steam-cooled reactors, on the other 

hand, suffer either from higher power costs (1250- and 2680-psi SCBR's) 

or low breeding ratio (3700-psi SCBR). 

• 
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9. COMMENTS OF REVIEWERS 

1. There are instances where a deficiency of technology has been 

attributed solely to the GCFR or SCBR rather than being described as a 

problem common to all types of fast breeder reactors. Since the com

monality of many problems may not be well known to the reader, this would 

help to insure that the reports would not be misconstrued. 

2. The quoted temperature rise rates following loss of flow or loss 

of coolant in a GCFR are entirely misleading because they ignore the very 

important effect of the Doppler coefficient, and because they relate only 

to the incredible situation of instantaneous loss of coolajit. As properly 

mentioned in the earlier text, but significantly deleted in the revision, 

this hypothetical situation is, in any case, far worse for typical LMFBR's. 

3. All American designs evaluated for both GCFR's and SCBR's are 

said to violate the criterion of no central melting. The linear heat 

rating in kilowatts per foot of fuel rod is not a particularly sensitive 

variable with respect to p"-"formajice or fuel-cycle cost, as pointed out 

elsewhere in these reports. Since the GCFR's use the same fuel materials 

as the LMFBR for purposes of this study, linear heat ratings assumed to 

be typical of LMFBR's were selected. 

4. The report provides an excellent identification of problem areas 

to be studied in order to develop an evaluation of the various alternate 

coolant concepts. It does an adequate job in presenting factual infor

mation and data in selected areas. It does not provide effective normali

zations of concepts and criteria relative to the various steam-cooled 

reactors and the gas-cooled reactors It is unfortunate that ORNL and 

the contractors did not make a deeper study into the relative technologi

cal and economic aspects of the various reactor concepts. This evaluation 

could have been made much more useful and authoritative if the length of 

time required to make the evaluation had been realized at the time the 

evaluation was initiated. 

5. In many aspect^ the designs of this report have severe defi

ciencies. The steam-cooled reactors lack adequate operational and safety 

information, and do not have defined systems for cooling the debris of 
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^^the plant after a destructive incident. The gas-cooled reactors presented 

have several possible deficiencies, including a fuel element and sub

assembly that may not be operable under the existing operating conditions, 

a single concrete containment barrier of questionable integrity surround

ing the reactor, and no convincing method of avoiding core damage in case 

of a rapid loss of coolant. Even though the features typified by these 

examples can be designed into both the steam- and gas-cooled reactors, 

they could result in significant impact on the normalized evaluation and 

lead to substantial economic penalties. Surely, questions of this type 

cannot be answered at this time due to the limited engineering and develop

ment of these concepts. Many of these same questions have not been 

answered for the LMFBR. 

6. A discussion is presented on the effects of the possible higher 

capture-to-fission ratio for ^^^Pu. It is indicated that the greatest 

effect would be the lengthening of the doubling time, particularly in 

those systems with low breeding ratios. This is true; however, the eco

nomic impact is about equivalent for systems with high or low breeding 

ratios. The most severe and probably significant effect would occur in 

those reactors designed for near minimum leakage geometry with an in-core 

breeding ratio near unity and small control rod requirements. In this 

type of system major^design changes would be required from a resultant 

lower breeding raticŝ  which co\ild result in substantial economic effect. 

7. Although the maxim\im peak-to-average power ratio for the steam-

cooled breeder reactors is higher than that for the gas-cooled breeder 

reactors, further optimization of the SCBR designs should result in equally 

low power peaking factors. 

8. It is unfortunate that the carbide fueled GCFR design did not 

receive as thorough a review by the task force and its working group as 

did the other reactors evaluated. In particular, the basis for the capi

tal costs and fuel cycle costs for this design is not adequately justi

fied. Furthermore, an estimate is needed for the additional research 

and development program required to develop the radically different pres

sure vessel and component designs and for the carbide fuel development. 

^ Admittedly,this design was developed at a later date than the others and 



150 

there was less time available for evaluation. However, since in systems 

analysis calculations all reactors have "equal standing" and the carbide 

fueled GCFR performs favorably, the assumptions for its performance and 

estimated costs appear to demand more thorough study and presentation in 

these reports. 

9. While the reports conclude that the GCFR is technically feasible 

and requires no "research and development breakthrough," it is important 

to note that its performance is strongly dependent on the behavior of 

the fuel cladding. Since a reliable assessment of the GCFR depends 

strongly on demonstration of satisfactory operation of some type of pres

sure-equalized cladding, a program to attempt such a demonstration should 

precede any more comprehensive effort to develop the GCFR. 
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