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operated at nearly comparable fuel -cycle costs (~1. 5 mills/kwhr) were evalu
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t he fuel and fert ile streams were processed continuously on- site. 
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ing rat ios were 1.10, 1.07, and 1.07, giving doubling times of 5-1/2, 11, 
and 25 full power years . The fuel - cycle costs at the design point s selected 
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INTERD1 REPORT ON 
FWID-FUEL THERMAL BREEDER REACTORS 

The :purpose of this study is to evaluate the perfomance of different 

reactor ty_pes for. thermal breeding using thorium. This interim report concerns 

three fluid-fuel reactors: the Aqueous Homogeneous Breeder Reactor (AHBR), the 

Molten-Salt Breeder Reactor (MSBR).-! and the Liquid Bismuth Breeder Reactor {LBBR). 

Although variations of the selected designs will be studied before a final re

port is written, the systems have been analyzed in sufficient detail to permit 

a definitive comparison of their relative merits. 

T.he versions of each concept preferred by each of the three :proponent 

groups (AHR and MSR projects at ORNL in Oak Ridge, and the LMFR project at 

Babcock and Wilcox in ~chburg} were selected for initial study. other ver

sions of each reactor system have been examined to insure that a fair choice 

of reactor from each-concept was made for this camparisono 

T.he breeding· :performance of the reactors is indicated by the breeding 

ratio and the doubling time, or its inverse, the percent yield of fissionable 

material :per·year.· other basic :parameters that are important for reactor 

:plants of the future are the specific power expressed as electrical megawatts 

:per kg of' fissionable material and the efficiency of utilization of fertile 

material expressed as electrical megawatts per kg of fertile materialo 

The relative economic performances of the reactors have been compared 

to the extent of estimating fuel-cycle costs and clearly definable capital 

costso Such costs are based on somewhat transient ground rules and do 

not have the same long-term validity as ~he calculation of breeding ratio 

and specific power. 

A generally optimistic position with respect to finding satisfactory 

solutions to development problems was adopted, ~i~ce it was assumed that 

the ~ortant need for breeder reactors is several years away, allowing 

ample time to complete development. T.he amount of' effort required in the 

development of the reactor concepts is, however, of' significance in deter

mining the likelihood of achieving the proposed costs and performance, and 

therefore a discussion is given of the outstanding development problems of 

each systemo 
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II. DESIGN BASES 

1. Fuel Reprocessing: on-site. In a breeder reactor positive control 

of fuel inventory and losses is· Tequired. .~A aentral processing plant leads to 

ambiguity in the allocation of fuel inventory and possible unusual losses of 

fuel. For these reasons, on-site, continuous fuel and blanket processing was 

chosen. 

2. Capability of Electric Plant: 1000 Mw. On-site processing for 

any smaller plant would likely prove to be uneconomic. Presen~ly 11% of the 

power generated in the u.s. is produced in 1000 Mw or larger stations, and 

the fraction generated in these large stations is increasing rapidly(l4). 
It may be concluded that plants of this size will be common a few years from 

now. 

,3. Reactor State: equilibrium. Evaluation of the nuclear performance 

under equilibrium conditions of fission-product poisoning and uranium isotopic 

distribution is satisfactory, since the non-steady state after startup is of 

relatively short duration compared to the reactor lifetime. 

4. Composition of Product Stream: system mixture. The operator of 

a breeder.reactor has control of the composition of the product ranging from 

spent fuel composition (low in u233 and h~gh in other isotopes) to blanket 

product composition {nearly pure u233). In this study it was assumed that 

the fuel sold consists of a mixture of the two streams having the same com

position as the average composition of the fuel inventory in the entire 

reactor complex with Pa counted as uf33. It is believed that this proced

ure is consistent with the most rational and meaningful definitions of doubl

ing time and breeding ratioo 

5. Xenon Poisoning: controlled by sparging. A reasonable extrapo

lation of current technology indicates that gas sparging techniques fo~ re

moving xenon' and other volatile fission products from the fuel streams 

could be developed for all three systems. A probable lower limit on the 

xenon·.,<.J.~J?,oisoning : .. · ...... was estimated to be 0.5%, based on full power in 

the fuel stream. This was reduced in each case by the fraction of fissions 
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occurring in the fertile streamo In the case of' reactors using Th02 as the 

fertile material, it was assumed that all the xenon resulting from fissions 

in the fertile stream would be trapped within the particles of' T.h02• 

6. System Inventory: based on all fissionable isotopes in the entire 

complex plus all protactinium. This choice is consistent with a meaningful 

definition of' doubling timeo The inventories in the fuel processing cycle 

were estimated by assigning equivalent holdup times to the various operations. 

To these·was.a.dded a fuel reserve sufficient to_compensate for burnup in the 

core and override fission product poisoning for 30 days after shut-down of 

the reprocessing planto 

1· Number of Reactors per Station: twQ or more, integral numbero 

It was considered unwise to commit the entire station capacity to one reac

toro 

8o Nuclear.Datao Cross sections(l) were based on the latest informa

tion available. The value of eta of yJ33 at thermal enertes was taken at 

2.28, following the recamnenda.tions of' Fluharty and Evans ll). Eta aB 

higher energies was chosen consistent with the same -J?ource. Epi the:rmal 

cross sections of' other isotopes of interest were adJusted to agree with 

the resonance integrals tabulated by Stoughton and Halperin(l2)o The 

resonance integral of Pa233 was assumed to be 1200 barns, and no allowance 

was made for possible self-shielding by the resonances. 

9o Fertile Stream Exposureo In those reactors employing T.h02 as 

the fertile material, a concentration of 6 g~ of u233 plus Pa in the pro

duct stream was selected as the design pointo T.he T.horex processing cost 

in the systems studied here is about· 1 mill/kwhr,and rises rapidly as the 

concentration of' bred material is decreasedo On the other hand, if' the 

concentration of' bred mate~ial-is-increased, severe penalties in inventory 

in the blanket, blanket fissions and fission product poisoning, and losses 

to Pa are incurredo 
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III~ REACTOR CONCEPTS 

1, .Aqueous Hamogeneo~s Breeder Reactor(2, 4•6) 

AHBR Reactor System (Fig. 1.1) 

~e.~ea~tor as shown in Fig. 1.1 has·a Zircaloy-2 core vessel about 4.3 

feet in diam~ter.and 12.6 feet high. The vessel thickness in conjunction 

with Zircaloy stiffeners and other structure in the blanket is designed so 

that it will withstand expected pressure stre~ses after allowance for ten 

years of corrosion. T.he initial thickness of ·the core wall is 0.30 in., the 

final thickness is 0.14 in., and the life-average thickness, taking into-con

sideration the rib stiffeners and other blanket structure, is taken as 0.30 

in. for the nuclear calculations. T.he fuel stream (uranyl sulfate in D20) 

enters through an annular nozzle with a swirling motion, flows down along 

the· core vessel wall, flows up along the axis of the core, and exits at 30 

fps through a pipe leading to the pump intake. The pump discharges into two 
. . 

heat exchange~~ -~~h having - 9000 tubes 0.375 in. O.D •. and- 17 ft long 

with walls 0~049 in~ thick. The fuel stream enters the heat· exchangers at 

554~, is discharged at 473°F, and is returned to the core. Details of' the 

he~t ~emoval system are given in the section on power generation. 

The blanket consists of three concentric annular zones containing 

T.h02 pellets 1/8 in. in diameter~ T.he zones are divi~ed circumferentially 

into 20 sectors constructed of perforated plates of Zircaloy-2,1/8 in. 

thick ~d having a porosity of 5C!'/>· T.he coolant is D2o, which enters 

through the·bottam of' the reactor vessel through an axial inlet pip~ and is 

distributed up through an annulus between the core vessel and the first 

zone. The n2o percolates. radially through the three zones in series, is 

collected in an annulus between the outer zpne and the pressure vessel 

{o_r thennal shield) and is returned ~o the bottom of the reactor where 

it is drawn off and pumped through a heat exchanger (not shown). 

The pellets '{f Th.02 are charged to the sectors through pipes (not 

shown) by fluid transport with n2o. Three sectors, one in each zone, are 

charged simultaneously. T.he pellets in this set of three sectors are 
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drawn off daily, mixed t'ogether :, ... ~ '·.rechargeg.: to·:. the. th:ree sectors.; 

~is scheme maintains a nearly uniform concentration of Pa in a radial 

direction in the blanket and minimizes the exposure of Pa to neutrons. 

After 215 days the fertile material contains about 6 gm of Pa + rJ33 
per kg of Tho The pellets from a set of three sectors are withdrawn and 

sent to a Thorex plant for separation and recovery of thorium and uranium. 

With 20 sectors per zone, fresh Tho2 is charged to some ·sector in each zone 

about every 10 days. This scheme helps reduce the inventory ·of tf33 held 

up ;n the blanket, while •intaining a reasonably high concentration of bred 

material in the Th02 discharged. 

Additional data are given in Table I. 

ABBR Fuel Reprocessing System (Fig. 1.2) 

Radiolytic gases are stripped to remove I2, Xe, and other volatile 

materials together with regulated amounts of n2o vapor. This off-gas is 

sent to a recambiner where the n2 .is oxidized to n2o. The heat of reaction 

is utilized in a superheater, thus improving the quality of the steam pro

duced. The n2o vapor is condensed, and let down to a low pressure. Iodine 

will probably accompany condensate back to the reactor. Residual gas is 

passed through charcoal beds to adsorb Xe and retain it until it decays. 

To remove soluble fission products, together with nickel and mansa

nese ions formed by corrosion of the 347 s.s. heat exchanger, pumps, and 

pipes, fuel solution is withdrawn on a 170 day cycle and treated with deu

terium peroxide to precipitate uo4. The mother-liquor is sent to the 

Thorex plant for recovery of small amounts of unprecipi tated uranium. The 

uo4 is taken up in hot n2so4 solution, and returned to the circulating 

system. 

After 215·days residence in the blanket, th~ T.h02 pellets are re

moved and sent to a Thorex plant where fission products are separated from 

the thorium and uranium in an extraction column. Thorium and uranium are 

separated in subsequent extractions. Thorium is converted to the oxide, 

pelleted, and returned to the blanket. 
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In the Thorex plant, fission products, containing Pa, are separated 

in the first stage. T.he raffinate is held up in batches for a time and then 

recycled to recover the U233 formed. This cycle is repeated thrice for a 

total holdup time of 270 days, at which time only 0.1~ of the Pa entering 

the Thorex plant remains undecayed and is lost in the waste. T.he inter

mediate holdup times were selected to minimize the uf33 inventory associated 

with the decaying Pa(3). With four recovery cycles and a total ~ime of 270. 

days, the equivalent holdup time is 65 days based on the rate at which Pa 

enters the T.horex plant. Of this equivalent holdup time, 4o days are assoc

iated with the Pa inventory and 25 with the u233 inventory. 

Many fission products are only slightly soluble in uranyl sulfate 

solutions. The precipitate that accumulates in the circulating fuel sys-
, 

tem is separated from the fUel solution by hydroclones on a 15 min. cycle 

and sent to the T.horex plant. It was estimated that the solids in the 

underflow will contain 10% by weight of uranium1 which would put the fuel 

in the fuel stream on a16eday cycle. Additional data are given in Table II. 

AHBR Power Generation System (Fig. ·1.3) 

A schematic diagram of the steam cycle selected for the AHBR concept 

is shown in Fig. 1.3, based on 416 psia steam superheated to 500°F being 

available{ 4). Three stages of feed-water heating are used in the cycle. 

one stage of moisture separation, located in the cross~ver pipe between 

the high- and low-pressure sections of the turbine, limits the moisture 

content in each section of the turbine to less than 11~. The pressure in 

the condenser is 1.5 in. Rg~absolute. 

The gross electrical output of the station is taken as the sum of the 

net output, the pumping power input, and 1~ of the gross output for other 

station auxiliaries. The pumping power includes reactor as well as steam 

plant pumping requirements. Additional data are given in Table III. 

In the AHBR concept, steam is generated directly in the fuel and 

fertile stream primary heat exchangers.without the use of an intermediate· 

coolant system. Pertinent primary heat exchanger data are given in Table 

III. 
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2. Molten-Salt Breeder Reactor(5, 6) 

MSBR Reactor System (Fig. 2.1) 

The reactor has a cylindrical core of graphite about 7 ft high and 

7 ft in diameter formed by assembling 8-in.-square prisms. The corners 

of adjacent prisms are machined to form vertical passages of c~rcular 

cross section about 5 in. I.D. T.he fuel salt passes through tubes of 

bayonet construction fabricated from impermeable graphite. The outer 

tubes have inside diameters of 3og3/4 in., with walls 5/8 in. thick, and 

are joined to a metal header (INOR-8) by means of flanges, frozen plug 

seals, brazing, or transition welds(5). These joints are presumed to 

be substantially leakproof. T.he inner tubes have inside diameters of 

2.4 in. and walls 1/4 in. thick. They are joined to the inner plenum 

of the metal header by slip joints that are not necessarily leakproof, 

for the reason that same bypass leakage of fuel at this point could be 

tolerated. The reactor contains ~ 90 bayonet f~el tubes • 

Sufficient clearance between the fuel tubes and the moderator 

graphite is provided to allow for differential expansion between the 

moderator graphite and the metallic fuel-plenum. Fuel salt enters at 

ll25°F, passes down through the annulus in the bayonet tubes, rises up 

through the inner tubes at 25 fps, and is discharged at a temperature 

of 1300~. It is collected in a plenum and passes up through a duct 

to the impeller of the pump and down through the tubes of the_heat ex

changer. There are ~ 8200 tubes (INOR-8) which are 0.375 in. O.D., 

having walls 0.028 in. thick. The heat is removed by sodium coolant. 

The fuel salt consists of a mixture of LiF and.BeF2, together 

with sufficient UF4 {equilibrium mixture of uranium isotopes) to make 

the system critical {about 0.35 mole i). It is circulated through the 

reactor at a rate sufficient to remove about 1076 Mw of heat witp a 

temperature rise of 175°F. Same of the fertile stream flows up through 

the core in the annular spaces between the fuel tubes and the moderator 

blocks, as shown in Fig. 2.1. 

Other data for the system are listed in Table I. 
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MSBR Fuel,frocessing System (Fig. 2.2) 

Xenon and other volatile fission products are removed by sparging 

the fuel and fertile streams with helium. The off-gas is passed through 

charcoal beds where Xe, etc., is adsorbed. Salt is removed from the cir

culating fuel stream on a 20-day cycle and passed through a fluorinator 

where uranium isotop~s are removed as the hexafluoride(7). The raffinate 

is sent to an HF dissolution process where fission products, except 

alkali metals and alkaline earths (Cs, Ru, Sr, and Ba.), are removed. The 

salt stream is replaced on a 1000-day cycle to remove fission products 

not otherwise removed. The UF6 from the fluorinator, together with ex

ces~ F2, is mixed with ~ and burned in a flame reducer. Solid UF4 
powder. is recovered and blended with make-up salt. 

Salt is removed from the circulating fertile stream on a 35-day 

cycle and passed through a fluorinator where the uranium, mostly r/33 

with some tf34, is removed. Pa is not removed from the fertile stream 

by this process. Blanket salt is replaced on a 20-year cycle to con

trol fission product poisoning(7). Lithium in make-up salt is 99.~ 
Li7, a grade presently available. 

Other data are given in Table II. 

MSBR Power Generation System (Fig. 2.3) 

The steam cycle of TVA's John Sevier plant was used as a model 

for the MSR breeder reactor concept(
4). A schematic diagram of the 

cycle is shown in Fig. 2.3, based on steam conditions of 1800 psia and 

1050°F. The cycle employs one stage of reheat and eight stages of re

generative feed-water heating, including one deaerator feed-water heat

er. The condenser pressure is assumed to be 1.5 in. Hg absolute. 

The gross power requirements were determined in the same manner 

as for the AHBR concept. Pertinent data are given in Table III for 

comparison with the ABBR and LBBR concepts. 
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In the MSBR concept sodium is used as, anintermediate coolan:t to remove 

the heat from the primar,y reactor fluids. The inter.mediate coolant then 

serves as a heat source to generate superheated steam in the steam boilers. 

Pertinent primary heat exchanger data are given in Table III. 

3. Liquid-Bismuth Breeder Reactor(6,B) 

LBBR Reactor System (Fig. 3.1) 

The moderator is a right cylinder of graphite about 13 ft in diameter 

formed by cementing together premachined shapes and binding them with hoops 

and rods. The ·fuel stream, a solution of approximately 2800 ppm of uranium 

in bismuth, flows ;up through a 3-ft-thick bottom end .. blanket in channels 

1.625 in. I.D. with a velocity not in excess of 30 fps. In the core region 

the channels are 2.33 in. I.D. and about 7 ft long. Fuel channels in the 

upper end-blanket discharge into a plenum chamber formed by the lower end 

of the heat exchanger and sealed against the top of the graphite structure 

by means of pressure. The heat exchanger tubes, tube sheet, and shell are 
' {8) 

constructed of tantalum. • The fuel stream enters the exchanger at 1300°F, 

flows up through N 11,000 tubes (.5 in. O.D. with walls .020 in. thick) at 

a velocity of about 10 fps, and is discharged to a sparging chamber at 

l000°F. In the sparging chamber, volatile fission products are stripped 

by means of a stream of helium. The fuel stream is then pumped through 

downcomers to a plenum, from which it flows through an annulus between the 

reactor vessel and the graphite core structure into a plenum below the 

bottom ... end .... blanket. The sparging chamber, pumps, and downcomers, and the 

reactor vessel are constructed of stainless steel clad with carbon steel. 

The fertile stream, consisting of a 12 wt ~ slurry of thorium oxide 

particles in bismuth, is distributed through an internal, ring-shaped 

plenum to downcomers in the outer portion of the blanket region. The 

downcomer discharge is collected in another internal plenum and distri

buted to risers, some of which pass through the inner portion of the 

blanket and some through the core. The diameter of the fertile stream 

channels in the outer blanket is 1.75 in., in the end blankets it is 

2. 75 in. The core fertile stream channels are of cruciform shape having 
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0.25 x 2.0 in. intersecting slots. At the top of the upper end-blanket, 

cross headers collect the fertile stream in a ring-shaped plenum, from 

which it is discharged into a tantalum heat exchanger at 1300°F. From 

thence it passes at 1000°F through pumps and downcomers to the distribu

tion plenum. Graphite-to-metal seals in the fertile stream circuit are 

indicated in Fig. 3.1. 

Other reactor plant data for the system are listed in Table I. 

LBBR Fuel. Processing System (Fig. 3~2) 

Xenon and other volatile fission products are removed by sparging 

with helium; they are adsorbed on charcoal and the helium is recycled. 

Bismuth, containing fission products, uranium isotopes, and magnesium, 

is withdrawn from the circulating fuel stream and passed through a salt 

extraction plant. Here the bismuth is contacted counter-currently in a 

two-stage extractor with BiC1
3 

and uc1
3 

dissolved in a basic mixture of 

the chlorides of sodium, magnesium, and potassium. The amounts of BiC1
3 

and uc1
3 

in the salt stream and Mg in the bismuth stream are so regu~ated 

that the Mg and substantially all of the fission products whose chlorides 

are more stable than uc1
3 

(e. g., the rare earths, alkali metals, alkaline 

earths) are extracted by the salt stream, while the bismuth stream is en

riched in uranium. Magnesium :lost from the bismuth stream is then re

placed electrolytically, and the purified fuel, containing about 3 ppm 

of fission products whose chlorides are less stable than uci
3

, is re

turned to the reactor system. 

Uranium is then recovered from the salt stream by contact with a 

second stream of bismuth containing dissolved Mg, and the fission pro

ducts are removed from the salt in another contactor by a stream of 

molten lead containing dissolved calcium. 

Bismuth :chloride is then added to the purified salt. Uranium is 

transferred back to the salt by reduction with BiC13 from the second Bi 

stream in an extractor, and the reconstituted salt is recycled to the 

fuel-stream extractor. 
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To remove fission products whose chlorides are less stable than uc13, 

bismuth is withdrawn from the circulating fuel stream: and passed through a 

cold trap to remove Mo, Ru, Rh, and Te by precipitation. Most of the bis

muth stream is returned to the reactor, but a small side-stream is passed 

through a zinc ... slagging plant o Here the uranium is first extracted by a 

salt stream containing just enough BiC1
3 

to oxidize elements in the e~

series down to and including uraniumo To remove remaining fission products, 

the--bismuth is slagged with zinc and then contacted with a salt stream con

taining excess BiC1
3

, or sparged simultaneously with Cl2o Magnesium is 

then added to the bismuth, w~ich is contacted with the _salt stream to re

cover uranium, and returned to the circulating fuel streamo 

Th02 is removed from the fertile stream slurry by flotation with 

argono The foam is mixed with mercury and filteredo The Th02 is heid 

for 10 days in the filters and sent to a modified T.horex plant. Processed 

Th02 is slurried in bismuth from the flotation machine and returned to 

the circulating fertile streamo 

Uranium from the Thorex plant is converted to the chloride and mix

ed with purified fuelo 

Additional data are given in Table IIo 

LBBR Power Generation System (Figo 2o3) 

As in the case of the MSBR concept, the steam cycle of TVA's John 

Sevier plant was used as a model for the LBBR reactor concepto The cycle 

chosen, shown in Figo 2o3, is exactly the same as for the MSBRo 

The gross power requirements were obtained in the same manner as 

for the ABBR concepto Pertinent data are given in Table IIIo 

Also, as in the MSBR, an intermediate coolant, Na, is employed to 

transport the heat from the reactor to the steam generators. Pertinent 

primary heat exchanger data are given in Table IIIo 
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TABLE I 

REACTOR PLANT DATA FOR FLUID-FUEL BREEDER REACTORS* 

.... J:tem Reactor 

GENERAL AHBR MSBR LBBR 
Station electrical power, MwE 1000 1000 1000 

Station ~et thermodynamic efficiency, percent(a) 27o5 42.3 42.1 

Number of reactors per station(b) 5 2 2 

Thermal power per reactor, MwT 728 1182 1i88 

Geometry of core Cyl.'i_L/D~ Cyl. ,L/D=l cYl. ,L/D=l 
-

Moderator D20 Carbon Carbon 

Volume fraction of moderator in core 1.00 0.801 0.673 
Diameter of core, ft. 4.3 7.66 6.78(7g) 

Length of core, ft. 12.6 7.66 6.7?(7g) 

Core vessel material Zircaloy-2 none ·none 

Core vessel thickness, inches 0.3 none none 

Thickness of blanket, ft. 2 3 3 
Volume fraction of moderator in blanket Oo84 0.10 0.50 

Reactor vessel material SS Clad CS INOR-8 CS Clad SS 

Reactor vessel thickness, inches 8 1 1 

Mean Pressure in reactor, psi a 2000 <100 "" 250 

FUEL STREAM 

Carrier components SOh in ])20 LiF-BeF~ Bi 

Mean density, lb/ft3 51.8 120 6oo 

Fraction of thermal power removed through fuel 
o.81(h) stream heat exchangers(c) . 0.91 0.78 

Mean heat capacity, Btu/lb ~ 1.2 0.544 0.038 

Power density in portion of fuel stream ex-
ternal to reactor, MWT/ft3{d) 1.55 7 •. 63 2.85 

' Maximum temperature, °F 554 1300 1300 
: Minimum temperature, °F 473 1125 1000 

I Liquidus temperature, °F <32 849~eJ 910lf) 

Station flow rate, ft3/se~ 527 178 257 
Fraction of volume that is fuel stream in: 

Core 1.0 0.15 0 .. 25 

Upper end-blanket o.48 0.15 0.125 
-· 

Lower end-blanket 0 0 0.125 

* Small letters refer to notes below. 
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TABLE I (continued) 

Item AHBR MSBR LBBR 

Velocity of fuel stream in: 

Core, ft/sec - 25 13.5(10)g 

End blanket, ft/sec 30 . 25 27 (20)g 

Heat exchanger tubes, ft/sec 15 20 10 

Volume :per station of fuel stream in: 

Cores, ft3 857 106 135(174)8 

End blankets, ft3 57 42 57(6~)g 

Entrance and exit :plenums, ft3 none 46 172(188)g 

External to reactors, ft3 18o0 282 832(832)8 

Dump tanks and miscellaneous~ t~3 .·.· ,, .. 100 6o 120(126)g ' 

Total, ft3 per station 2814 536 1316(1388} 

FERTILE STREAM 1 

,. D20,Th02 LiF,BeF2 Fertile stream components '(Zr) ThF4 Bi, Th02 

Fertile stream mean density, lb/ft3 51.9(DQO} 198 607 . . 
Mean heat capacity, Btu/lb °F 1.2(DQ0) 0.327 0.038 

Fraction of ther.mal power removed(t~ough i i 
fertile stream heat exchangers c 0.19 0.09 ,.., Oo22 

Maximum temperature, °F 522 1300 1300 

Minimum temperature, °F 482 1150 1000 I 

Liquidus temperature, °F -32 932teJ 574 Bi M.P~ 
Flow rate, ft3/sec - 20.8 72 

Fraction of volume that is fertile stream in: 

Core 0 0~049 0.077 

Uppel'- end blanket - 0.750 0.375 
Lower-end blanket - o. 1 0.375 

Side blanket - Oo90 0.500 

Volume per station of fertile stream in: Pebble Bed ~alt soln. Bi slurry 

Core, ft3 - 34 54 
End blankets, ft3 - 414 206 

Side blanket, ft3 - 2968 1374 
External to reactor, ft3 - 2586 4366 

Total, ft3 - 6ooo 6000 
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NOTES FOR TABLE I 

a. See reference 6. 

b. See Sec. II - -1J· 

c. It was estimated that about 10% of the energy released by fissions in the 
fuel stream will be deposited in the fertile stream by dissipation of gamma 

energy or by conduction of heat from the graphite. The energy of gamma rays 
and fast neutrons dissipated in graphite in the cqre was allocated to the 
fuel and fertile streams in proportion to the surface area of these streams 
in the core. 

d. See reference.6. 

e. Temperature at which LiF begins to precipitate. 

f. Liquidus temperature is for solution of #V 2500 ppm of U in Bi with not more 
than 250 ppm of Zr present. See reference 8. 

g. Corresponding to expected performance when fully optimized. 

h. Includes . ,A.''fo. removed in vapor with off-gas • 
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TABLE II 

FUEL PROCESSING PLANT DATA FOR 
FLUID-FUEL REACTORS 

t-
' AHBR I MSBR 
J I 
IFERTILE STREAM 

Processing method Tho rex F-Volatility 

Processing mode Batchwise Continuous 

Processing cycle time, days 215 35 
Cooling time, days 10 0 
Chemical plant holdup, days 3 1 -
Reserve holdup, equiv. dayslaJ 27 lo6 
Processing rates 

Th, kg/ day (as Th02) 667 0 

rJ33 + Pa., kg/day 4 .. 0 2o7 
Carrier, f·t3 /day "" 171 

~·STREAM 

Processing methods a .. Hydroclones F-Volatility 
b. Peroxide ;pp_t .. HF-Dissolution 

EquivCI Cycle Time, days a .. IV 0 .. 01 20 
b .. 170(b) 20 
Co 768 -

Cooling time, days 90 0 

Chemical plant, days 1 1 

Fuel reserve, equiv .. d.ayslaJ 30 3 .. 1 

Processing_ rates, ft3/day - 31 

LBBR 

Thorex 

Continuous 

435 
10 

1 

3ol 

398· 
2o2 

14 

Salt Extraction 
Zn Slagging 

15.7 
? 
.. 

0 

1. 

1.7 

90 

(a) The fuel reserve to compe~sate. for burn-up and override fission product 
poisoning for 30 days in event ·the chemical processing plant is shutdown 
for any reason reason is made up of a mix·ture of uranium from the fertile 
stream and the fuel recycle streama When the fuel recycle rate is high, 
as in the LBBR (15 .. 7 days) only a few days of recycle stream reserve will 
supply the 30 day feed. This is supplemented by a portion of the fertile 
stream uranium to maintain a unifor.m isotopic composition of the fuel 
feed., In the AHBR, where the fuel processing cycle time is 768 days, 
it is necessary to obtain the reserve by holding up the fertile stream 
production, which is near~y equal to the burnup, for 27 days, and 
supplementing with same fuel stream holdup .. 

(b) ~Jcle time of uranium through ~o~ex plant .. 

I 
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TABLE III 

HEAT GENERATION SYSTEMS FOR FLUID FUEL 
BREEDER REACTORS 

AHBR MSBR LBBR 

Station Power Plant Data(a) 

Reactor thermal rating, Mw 728 1182 1188 

Number of reactors per station 5 2 2 

Station thermal rating, Mw 364o 2364 2376. 

Gross station output, MwE 1036.1' 1052.4 1057.1 

Station pumping power, MwE 25.7 41.9 46.5 
Station plant auxiliaries, MwE 10.4 10.5 10.6 

Net station output, MwE 1000 1000 1000 

Over .... all station efficiency, 'Ia 27.5 42.3 42.1 
Primary Fuel Stream Heat Exchanger Data(b) 

Thermal rating per uriit, Mw(c) 280 1076 934 
Number of units per station 10 2 2 

Primary fluid inlet temp., °F. 554 1300 1300 

Primary fluid outlet temp •. , °F 473 1125 1000 

Shell side fluid inlet temp., ~ 365 900 900 
Shell side fluid outlet temp., •F 448 1175. 1175 
Tube outside di.~eter, in. 0.375 0.375 0.500 
Tube wall thickness, in. 0.049 0.028 0.020 

Tube length, ft (nominal) 18 11 10 
Outside area of tubes, ft2 (d) 15,4oO 8320 14,800 

.Heat flux, Btu/hr~ft2 4 4.85xl05 2.74xl05 7 .4xl0 
Primary Fertile Stream Heat Exchanger Data(e) 

. T;b.ermal rating per unit, Mw(f) 138 106 261 

Number of units per station 5 2 2 

Primary fluid inlet temp., °F 522 1300 1300 
Primary fluid outlet temp., °F 482 1150 1000 

Shell side fluid inlet temp., °F 364 900 900 

- Shell side fluid outlet temp., OF 448 1175 1175 
Tube outside diameter, in. 0.375 Oo375 0.500 
Tube wall thickness, in. 0.049 0.028 0.035 

~ 

Tube l~ngth, ft (nominal) 9-75 16.5 10 
Outside area of ·tubes, ft2 (g) 6200 1360 4o30 
Heat flux, Btu/hr-ft2 7.0xlo4 a.66xlo5 2.15x105 
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NOT.ES ON TABLE III 

{a) Data taken from H. R. Payne and J. c. Moyers, Determination of Capital 
Costs of Steam Cycle Equipment and OVer-all Plant Efficiency of Three 
Breeder Reactors, ORNL-CF Memo to be published. 

(b) Information taken from second generation plant data in Table 6.1 of I. 
Spiewak and L. F. Parsly, Evaluation of External Holdup of Circulating 
Fuel Ther.mal Breeders as Related to Cost and Feasibility, HRP-60-15, 
February 1, 1960, Revision 1. 

{c) T.her.mal rating corrected from those in HRP-60-15 to_account for differ
ent division of power between core and blanket. 

(d) Heat transfer area corrected from those in HRP-60-15 to account for 
different division of power between core and blanket. 

(e) Information taken from second generation plant data in Table 6.2 of 
I. Spiewak and L. F. Parsly, Evaluation of External Holdup of Circulat
ing Fuel Thermal Breeders as Related to Cost and Feasibility, HRP-60-15, 
February 1, 1960, Revision lo 

(f) Thermal ratings corrected from those in HRP-60-15 to account for differ
ent division of power between core and blanket. 

(g) Heat transfer area corrected from those in HRP-60-15 to account for 
different division of power between core and blanketo 
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IV. COMPARISON OF FWID FUEL BREEDER REACTORS 

1. Nuclear Perfonnance 

The nuclear calculations for the MSBR and LBBR were performed in spherical 

geometry on the 34-group, GNU program for the IBM-704. An equivalent, spherical 

core having the same average atomic composition as the heterogenebus, cylindri

cal core of the re~ctor and an equivalent diameter 1.09 times gxeater was 

evaluated. The program computes the neutron absorptions in each element. 

Using these data, effective cross sections were computed for each isotope 

present and these were used in conjunction with the isotope equations to 

find the equilibrium concentrations. 

The AHBR was c~lc~ted similarly, except that cylindrical geometry 

was used .. · The end-leakage was allocated among the various possible absorp

tions in the same ratio that the radial-leakage was.allocated by ~he GNU 

program. 

The doubling time was computed from the equation 

T _ 1 o 05 Ji €. I 
- (B.R.-1) P 

where T is the doubling time in full-power years; 1) € is the effective 

neutron yield, including those from fissions in thorium, per absorption 

(1) 

in rl33 · + rl35; I is the total station inventory in kg of rJ33, rJ35, and 

Pa
233, including that in the processing plant and a fuel reserve sufficient 

to keep the reactor operating for 30 days after Shutdown of processing plant; 

B.R. is the net breeding ratio; and P is the tot~l station power in MWT. 

The doubling time is rationally defined only when the breeding ratio is 

based upon equilibrium concentrations resulting from a sales policy such 

that the product has the same isotopic composition (counting Pa. 
233 as rf33) 

as the entire reactor complex. Such a policy was assumed in this study in 

the computation of the equilibrium isotopic composition. 
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The doubling time given by Equation 1 applies to a single, isolated 

reactor. In a many-reactor economy, new reactors may be put on the line 

at intervals equal to the doubling time divided by the number of reactors 

in the system. The production from these reactors reduces the effective 

doubling time by a factor loge2' (Oo693). On the other hand, a power sys

tem may have a load factor as low perhaps as 0. 7, which would cancel the 

compound - interest effect of having many reactors. 

The fuel yield, in percent per yea~ is equal to 100 divided by the 

doubling time. 

ABBR Nuclear Performance. Fuel solutions having 1, 1. 5, and 2 grams 

of rf33 per liter were evaluated. The r·eactor core length was held at 

approximately 12 feet, and the diameter was varied to attain criticality. 

The solution having 1.5 g/1 of u233 appeared to provide the best combina

tion of breeding gain and inventory and was selected for further study. 

Concentrations were adjusted to equilibrium corresponding to the effective 

cross-section, power, and processing rates. The neutron economy is given 

in Table IV. 

The mean eta of rf-33 in the core is 2.269,and for r/35 eta is 2.049. 

Eta of r/33 in the blanket is 2.262. About 85~ of ali fissions occur in 

the fuel stream. 

Losses* to Np237 were estimated on the assumption that it is re

moved on a 170 day cycle with soluble fission products. 

The losses to Pa were computed: on the assumption that Pa and r/33 

are uni~or.mly distributed throughout the blanket. This condition is 

achieved approxtmately by removing the Th02 pellets frequently, mixing 

thoroughly, and rechargingo Losses to Pa could be reduced by increasing 

the amount of T.h02 in the blanket, ~ut the increase in u233 inventory 

would more than off-set the effect of increased breeding gain on the doubl

ing time. Alternatively, the losses to Pa could be reduced by decreasing 

the blanket cycle time. 

* Losses are expressed in neutrons absorbed in poison, ·etc.1 per neutron 
·absorbed in fuel (see Table IV). 
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It was.assumed that neutron losses.to Xe in the fuel stream can be 

limited to 0.5~ (based on fuel absorptions} with full power in the fuel 

stream by stripping volatile fission products along with D2 and 02 in the 

gas~recambination step. A fuel stream loss to Xe of 0.0043 neutrons was 

obtained by multiplying 0.005 by the fr~ctio~ of fissions occurring in 

the fuel streamo Volatile fission products for.med in the blanket are assum- . 

ed to be trapped within Th02 particles. T.he resulting loss to xenon was 

computed to be 0.0034, bringing the total loss to xenon to 0.0077. 

The estimate of the loss to samarium in the fuel stream {0.0080 

neutrons) wa~ based on the assumption that it remains in solution. Losses 

to the moderator (1/4 wt. tfo ~0) are about equally divided between deuter

ium and hydrogen. Absorptions in sulphur were charged to fuel carrier. In 

the blanket, losses to Zr in the core vessel wall and in the pellet baskets 

were charged to carrier. 

The estimate of nuclear poisons introduced as a result of corrosion 

in the heat exchanger (Ni, Mn, Cr, Fe) was based on a corrosion rate of 
( \ . 

0.3 mils/year';· 1 -. Soluble nickel and manganese are removed along with 

the soluble poisons, insoluble iron and chromium along With the insolubl~ 

poisons.. The solids in the underflow from the hydroclones were assumed 

to be 10% by weight of uranium. The process rate was estimated to be 492 
gm of uranium per day, giving a cycle time on uranium in the fuel stream 

of' 768 days. 

The loss of delayed neutrons was computed by the method given by 
Walker(lO). 

Losses to fuel reprocessing were based on ·an estimated loss of' 0.1 

percent per pass t.hrough ~he Thorex plant. All of the fissile material 

bred in the 'blanket_makes one pass, but the Thorex cycle time for the 

fuel stream is so lon~ ~hat the average number of passes in the fuel 

cycle ~s only a~o~t 0~~· 

End los:ses resulting from the penetration of the upper end-blanket 

by fuel inlet and outlet· channels were not estimated. 
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The net breeding ratio was estimated to be 1. 099. Absorptions in 

thori~ accounted for about 90% of this, absorptions in u234 for the rest. 

A breakdown of the inventories of fissile and other materials of 

interest is given in Table v. The total inventory of the AHBR amounts 

to 843 kg. The total thermal power required to produce 1000 MwE is 364o 

MwT. By Equation 1 (p. ), the doubling time is 5.5 full power years. 

The fuel yield is 18.~ per year. 

MSBR Nuclear Performance. The effects of variation in .. ratio of 

carbon to uranium, thorium to uranium, and volume fraction of fuel stream 

in the core on net breeding r.atio and total inventory have been partially 

explored. The performance cited in Table IV is the best obtained to date; 

nowever, negligible improvement is expected. 

The mean eta of ~33 in the MSBR core is 2.233, that of uf35 is 

1.979, while that of uf33 in the blanket is 2.226. Because of the short 

cycle time for fertile stream processing made possible by the use of the 

fluoride volatility process to remove uranium, the concentration of u233 

and higher isotopes in the fertile stream is very low. As a consequence, 

only 1.1~ of all fissions occur in the fertile stream. Also, the inven

tory of uf33 in the fertile stream is only 96 kg, in contrast to the 322 

kg in the blanket of the AHBR, and the 872 kg in the fertile stream of 

the LBBR {see Table V). 

The mean eta of the reactor ~ould be improved by increasing the 

ratio of carbon to uranium in the core, but the associated gain in breed

ing ratio would be more than offset by increased losses to carbon and to 

the fuel and fertile stream carriers. 

A smaller loss of neutrons to Pa in the MSBR, relative to that in 

the ABBR, was achieved by utilizing a large volume of fertile 

stream (3000 ft3 per reactor) of which about half is in hold-up tanks 

{not shown) inserted into the circulating system to dilute the Pa. 
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In the MSBR, less tP34 is formed by captures in Pa
233 than in the AHBR, 

but this advantage is offset by the greater fraction of radiative captures in 

u233 in the MSBR resulting from the harder neutron spectrUm and reflected in 

the lower eta of u233 G As a result, absorption~ in rf35 in the two systeD!s 

are about equal; however, again because of the harder spectrum in the MSBR 

and a consequent lower eta of r/-35, more r:l-36 is formed and retained in the 

MSBR (Oo0105 absorptions ~s Oo066)o More Np237 is likewise formed in the 

;MSBR, but the loss (Oo004 vs 0.030) is less because the cycle time for re

moval. of Np in the MSBR {20 days) is so much shorter than in the AHBR (170 

days). 

Since there are so few fissions in the fertile stream of the MSBR, the 

entire conventional loss to xenon of 0.005 neutrons {see Sec. II) was assign

ed to the fuel streamo The convention was based on the assumptions that: 
- 1) . . 

(1) neither xenon~or iodine will be adsorbed by the graphite moderator or 

otherwise collect at the interface between the salt and graphite phases, 

(2) if the pores and vacancies in the graphite are accessible to the xenon 

and iodine, the rate at which these diffuse into the pores is very much 

slower than the rate at which they are stripped from the circulating stream 

by the sparge gas.· The conceptual design for the MSBR adopted for this study 

{ioe., bayonet ~bes of impermeable graphite) provides a maximum insurance. 

against impairment of the nuclear performance should these assumptions fail 

in that a small amount of graphite surface of low porosity is exposed to 

the f'uel. 
.· 

Losses to samarium and other fission products in the fuel stream 

(0.020) are based on a 20 day cycle for the ~oval of all nuclides not 

soluble in concentrated hydrofluoric acid, and a 1000 day cycle for the 

removal of all others by replacement of the salt(7)o Losses to fission 

products in the fertile stream (Oo0059) are based on a 20 year cycle of 

replacement of salt with no other processing(7)o 

In this study, the capture cross section of carbon was taken to be 

3o 7 mp at Oo025 ~v· .. T and was assumed to vary inversely with velocity of 

neutronso · Neutron losses to the fuel carrier (63 LiF and 37 ~eF2 ) were 

based on a 1000 day cycle of replacement with fresh salt in which the 
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lithium is 99·.99% Li 7. This grade of lithium is also used to replace the fer

tile stream carrier on a 20 year cycle. 

Losses to corrosion products {Fe, Ni, Cr, Mo) are based on a chemical 

equilibrium concentration(9). · 

Loss of d~layed neutrons was estimated by the method given by Walker(lO). 

Leakage losses are low in the MSBR relative to the. other two systems because 

there is much less ~33 i~ the bl~et. region. 

End losses resulting from the propagation of the fission reaction·into 

the fuel ·.stream channels penetrating the upper end-blanket have not been 

estimated. 

Fuel processing losses were based upon laboratory and pilot plant data 

that indicated essentially quantitative recovery of uranium in the fluoride 

volatility process. In the subsequent reduction step (UF6 ~UF4), large 

scale operations have shown losses to be quite small, of the order 0.01~ of 

throughput. 

The net breeding ratio for the MSBR was estimated to be 1.073. This, 

taken together with a station power of 2364 MwT and a station inventory of 

821 kg, gives a doubling time of 11.0 years or a fuel yield of 9.1~ per year. 

A breakdown of the inventory of fissionable materials (including Pa.) is given 

in Table V. 

LBBR Nuclear Performance. The nuclear performance of the LBBR has been 

optimized only to a limited extent with respect to ratio of carbon.to uranium, 

thorium to uranium, and volume fraction of fuel stream in the core. The per

for.marice cited in Table IV is the best obtained to date; however, a small 

improvement is expected, approximately as indicated by the figures in paren

theses. 

The mean eta of u233 in the LBBR core is 2.218, that of ~35 is. 1.950, 

and that of ~33 in the blanket is 2.219. About 16% of all fissions occur 

in the fertile stream. 
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The mean eta of the reactor could be increased by increasing the ratio 

of carbon to uranium; perhaps an eta of 2.216 could be achieved without ·ex

cessive neutron losses to moderator and carrier. 

Neutron losses to Pa
233 were held down by using 6000 ft3 of blanket 

fluid per station, but are somewhat higher than in the MSBR for the reason 

that, although the amount of Fa in the fertile stream circuit is approxi

mately the same (about 100 kg), and the volume is the same, the amount of 

Th in the fertile stream in the LBBR (189,000) is less than in the MSBR. 

(270,000), and competes less effectively for neutrons in relation to Pa. 

The (doubled) losses to Pa in the LBBR can probably be reduced by 0.0050 

by reducing the volume fraction of fertile stream in the core without much 

loss of breeding gain otherwise. This shifts the Pa to the blanket where 

the neutron spectrum is harder and favors captures in Th relative to Pa. 

Loss to tl-36 in the LBBR is higher than in the MSBR partly.for the 

reason that eta of tl-33 is somewhat less in the LBBR (2.218 vs 2.233), and 

partly for the reason that Pa captures are greater (0.0170 vs 0.0118). 

This loss will be reduced simultaneously with reduction in losses to Pa, 

perhaps as much as by 0.0070o 

Losses to Xe in the fuel stream (0.0042) were estimated as for the 

MSBR. Losses in the fertile stream due to entrapment of Xe in Th02 parti

cles amounted to o.oo44 neutrons. 

Losses to Sm and other fission products (0.0167) were taken directly 

from the thorough study performed by c. E. Thomas, ~ al ( 8) for the Babcock 

and Wilcox Company. T.he fUel reprocessing cycle times are given in Table 

II. 

Loss to carbon was based on a cross section varying inversely with 

neutron velocity and having value of 3.7 mb with respect to neutrons mov

ing at 2200 m/s. This loss will probably increase by 0.005 at higher 

ratios of carbon to uranium. 

Losses to the bismuth carrier were based on the estimate of the con

tribution of resonance capture made by Thomas, ~ al (8), and which was 
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accounted for by increasing the thermal cross section at 1200°F by about 5~ • 

The loss to Bi will probably increase by about 0.0050 neutrons at higher 

ratios or carbon to uranium. 

Leakage losses are higher than in the MSBR on account of the greater 

concentration of u233 in the fertile stream. 

End losses resulting from propagation of the chain reaction. into the 

fuel channels penetrating the end blankets have not b~en estimated. 

Fuel reprocessing loss was taken from the study by Thomas, ~ al ( 8). 

The net breeding ratio for the cited case was 1.051. However, ft is 

estimated that by making the changes discussed above, a breeding ratio of 

1.07 might be achieved, perhaps with a slight increase in total inventory. 

For the inventory listed (1844 kg), the corresponding doubling time is 25 

years. 
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TABLE IV 

NUCLEAR PERFORMANCE OF FLUID FUEL 
BREEDER REACTORS 

Neutrons per neutron absorbed in fuel 

Net Neutron Yield ABBR MSBR 
fi€ {a) -

2o2495 2.2157 
Losses 
fl33 Oo.9151 Oo9172 
tf35 Oo0849 Oo0828 
Th232 (b) Oo0013 Oo0017 

2 x Pa absorptions Oo0368 Oo0118 
~36 Oo0066 Oo0105 
Np237 Oo0030 Oo0004 

Xe Oo0077 0.0050 
Sm 0.0097 ) 0.0259 
Other Fission Products Oo0094 
Moderator o.o247(e) Oo0323{f} 

Fuel Carrier Oo0048{g) 0.0299(h) 

Thorium Carrier Oo0300(d) O.Ol67(h) 

Corrosion Products 0.0020 0.0008 

Delayed Neutrons Oo0033 Oooo43 
Leakage 01.0100 0.0016 

End L9sses ., 
1 

Fuel Processing Losses 0.0011 0.0022 
Net Bo R. lo099 loCJ73 

{a) 

(b) 

(c) 

{d) 

(e) 

(f) 

Includes neutrons from fissions in Th232• 

Fissions only. 

Ex'pected optimum performance of LBBRo 

Zr in core vessel and pellet baSkets. 

D20 (1/4 wto 'j, ~0) 
Carbon 

(g) so= 
4 6 

{h) LiF (OoOl 'fo Li ) - BeF2 

{i) Bi 

LBBR -
{2o216}{.c) 2ol98o 

Oo9019 
OoQ981 

Oo0023 

Oo0170 {Oo012} 

Oo0171 (OoOlO) 

0.0003 

o.oo86 

} OoOl67 

0.0252(f) (0.030) 
0.0285(i) (0.033) 
Oo0181{i) 

t 
0.0047 

0.0058 

'l 

0.0032 

1.051 (1.07) 
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TABLE V 

STATION INVENTORIES OF NUCLEAR ~TERIALS 
IN FWID FUEL BREEDER REACTORS 

T.h in fertile stream, kg 

T.h in fue.l processing inventory, kg 

Total thorium, kg 

Graphite, kg 

D2o, kg 

Li7, kg 

Be, kg 

Bi, kg 

Fuel inventories, kg per station 
u233 in fertile stream{a) 

uf35 in fertile stream 

Pa233 in fertile stream 

uF33 in fertile stream processing{b) 

Pa in fertile stream processing 

u233 in fuel stream in reactor 

u235 in fuel stream in reactor 

u233 in external fuel.circuit 

uf35 in external fuel circuit 

uf33 in fuel reproces~ing 
u235 in fuel reproce~sing 
uf33 in fuel reserve{c) 

~35 in fuel reserve{c) 

Fuel in dump tanks, etc. 

Total Inventory, kg 

Station Power, MwT 

Net Bo Ro 

Mean T}E. 

Doubling Time, full power years 

Fuel Yield, ~ pe~ year 

Including heels in dump tank, etco 

AliBR 

144,000 

27,000 
171,000 

175,000 

322 
0 

157 

23 
22 

39 
4 

113 

12 

28 

3 
113 

1 

6 

843 
3,64o 
1.099 
2.,2~5 

5.5 
18.,2 

MSBR 

263,000 
7,500 

270,000 
35,000 

34,000 
13,000 

96 
0 

109 

3 

3 
201 

21 
196 
19 
26 

3 
84 
8 

53 
821 

2,364 
1.,073 
2.2157 

11.0 

9.1 

LBBR -
173,4oO 

15;950 
189,350 
170,600 

6 2.0 X 10 

872 
2 

98 
25 
9 

276 (288) 
42 ( 44) 

260 (271) 
39 ( 41) 
4o 
6 

74 
10 
62 ( 64) 

1,815 (1,844) 
2,376 
lo051 (1.07} 

2ol98o {2.216) 

34.1 (25.4) 
2.9 (3.9) 

Includes U-233 associated withdecay of Pa in processing plant. 
Reserves sufficient to compensate for burnup and override poisons for 
30 days should the chemical pLant be shutdown for any reason. 
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A summary of the bases adopted for the estimation of fuel cycle costs 

is presented in Table VI. The fissionable isotopes (including PB.) were 

listed at ¢1~.00 per gram, and the annual charge was ~. Thorium Wa.s listed 

at ¢22/kg, and ¢5.00 per kg was allowed for preparing Th02 in the ABBR and 

LBBa. The annual charge was based upon interest at &{o, income taxes at 4.(jfo, 

local taxes at 2.1~, totaling 12.7~. To this was added an amortization 

charge of 1.3~ unless a replacement over a·period of less than 30 years was 

specified. Where such a replacement was specified, as in the case of the 

n2o at 3~ per year, the replacement cost was added to the fuel processing 

cost and the annual fixed charge was taken at 12.~. 

The cost of all n2o in the ABBR was charged to the fuel cycle cost. 

About 6aip of the total n2o inventory is in the blanket and its cooling cir

cuit. 

The fuel processing cost was found by taking 2r;J1, (14% for a.rmual 

charges and 15 for operating charges) of the chemical plant capital cost 

and prorating over the power produced with a load factor of 0.8. To this 

was added the annual cost for replacement of the fuel carrier, as mentioned 

above. Fertile stream processing costs were computed in the same way. 

In the MSBR, a value of ¢44/kg was assigned to LiF having a Li 7 con

tent of 99.99%, and BeF2 was listed at ¢15.4o per kg. The basic fuel 

carrier salt contained 63 mole % LiF, 37 mole ~ BeF2, and the density was 

e.stimated at 120 lb/ft3. · The fertile stream consisted of 67 mole 'fo LiF, 

18 percent BeF2, and 15 perC?ent ThF4, and ~s estimated to have a density 

of 198 lb/ft3. In a.ddi tion, ¢5/lb was charged for preparation of fuel 

and fertile stream salts for reactor use. 

~ t;ne ABBR, Xe is removed aJ.ong with D~ and 02 in the recombina:tion 

step, and the cost is included in the fuel stream processing costs. In 

the other two systems, Xe is removed in a separate step by sparging with 

helium. A cost of o.o4o mills/kwhr·was estimated for this operation. 
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TABU: VI 

FUEL CYCLE COST BASES FOR 
FWID FUEL BREEDER REACTORS 

':, 

AHBR 
Item Amt Unit Value Cap. Cost Annual Chg. 

kg !/_kg ~106 ~ 
U (including Pa) 843 15,000.00 12.65 4. 

Th 171,000 27.00 4.61 12.7 
D20 200,000 6Lt60 12.34 12.7 
Fuel Stream Proc. Chem. Plant 3-9 29 

n2o loss 12.34 3 
Fertile Stream Proc. Thorex Plant 26.6 29 

Th burnu:p and loss 4.61 1.3 

MSBR 

U (including Pa) 821 15,000.00 12.32 4 

Th 270,000 36.6o 9-s~ 12.7 
Fuel Stream salt 35,8oo 4o.28 1.18 12.7 
Fertile Stream Salt 200,000 65.50 13.10 12.7 
Fuel Stream Proc. Chem. Plant 1g.8o 29 

Salt replacement {1000 days) 1.18 .27.4 
Fertile Stream Proc. Chem. Plant 6.3 29. 

Salt Amortization (20 years) 13.10 2.6 
Thorium Amortization (20 years) 9.88 2.6 

LBBR 
U (including Pa) 1,844 15,000.00 27.66 4. 

Th 189,000 27.00 5.10 12.7 
Bi 2 X 106 4.95 9.90 14 
Fuel Stream Proc. Chem. Plant 5.8 29 
Fertile Stream Proc. Chem. Plant 24.6 29 

Thorium burnup and loss 5.10 1.3 
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The fuel cycle costs are presented in Table VIIo Although the MSBR 

has an inventory of fissionable isotopes in the fuel stream about twice 

that of the AHBR, a low inventory in the fertile stream was achieved by 

employing the fluoride volatility process in a 35 day cycleo As a result, 

the total inventories in these two systems are about the same, and the use 

charge is about Oo07 mill/kwhr in botho In the LBBRp on the other hand, the 

inventory in the fuel stream is, as would be expected, about the same as in 

the MSBRo In .ad.diti~n, the inventory in the fertile stream is large as a 

result of using a large volume of blanket fluid to dilute Pa and minimize . 

losses theretov The usage charge is thus about twice as great in the LBBRo 

In regard to cost of processing the fertile stream, the MSBR posesses 

a considerable advantageo The cost of the fluoride volatility process was 

estimated to be about Oo4 mills/kwhr, whereas the cost of· the T.horex pro

cess to the other·two systems was estimated to be in excess of .1 mill/kwhro 

This advantage is only partly lost to the MSBR in cost of reprocessing the 

fuel stream, which is high due in part to the cost of replacing the fuel 

carrier-salt on a 1000 day cycleo 
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• TABLE VII 

NET FUEL CYCLE COSTS* FOR 
FLUID .. FUEL BREEDER REAQlroRS 

millsLkwhr 

ABBR MSBR LBBR - - -
U (inclUding Pa) Oo073 0.071 Ool58 

Th {including preparation cost) Ooo84 0.179 ·Oo092 
·earrier Oo224 0,260 Ool98 

Fuel Stream Repr~cessing Oo2l5 0.576 Oo24o 

Fertile Stream Reprocessing lol08 0(1).47 :f:.o029 
Gross Fuel Cycle Cost lo704 1.,433 lo717 
Less Credit for U Prodo Oo276 Ool28 Ool23 

Net Fuel Cy~~e Cost lo4 lo3 lo6 

~ 

*Plant Factor: Oo 8 

• 
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Capital Cost of Heat Transfer and Power Generation System 

In a circulating fuel reactor the inventory of materials ih the fuel 

and fertile streams depends on the arrangement and size of the heat trans

fer components. Thus it was necessary to estimate the sizes of components 

and to provide reasonable lay-outs for them. To determine the economic 

practicality of the heat removal systems, cost estimates were made of 

major identifiable items in the heat transfer and power generation equip

ment. T.hese estimates(6) are given in Table VIII. 

The differences in capital costs among the three reactors are not 

of great significance. Possible future reductions in prices of tantalum 

and INOR-8 have not been anticipated in these numbers, and such reductions 

could conceivably wipe out the differences in costs shown. 
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TABLE VIII 

DIRECT COST OF MAJOR ITEMS OF STATION BEAT TRANSFER .. AND POWER GENERATION EQUIPMENT 

9 
' AHBR MSBR LBBR 

Heat Exchangers 

Fuel stream primary heat exchangers ¢ 3,700,000 ¢ 1,66o,ooo ¢ 9~520,000 
Fertile stream primary heat exchangers 1,320,000 210,000 2,360,000 

Steam generator and superheaters 9,6oo,ooo 10,100,000 

SUperheater· 390,000 
Reheater lz600zOOO 1,600zOOO 

. Sub-Total, heat exchangers 5,410,000 13,070,000 23a58o,ooo 

Circulating Pumps 

Fuel stream pumps 1,700,000 1,060,000 1,720,000 
Fertile stream pumps 900,000 550,000 875,000 
Intermediate coolant pumps 3z625,000 3z625,000 

SUb-Total, pumps 2,6oo,ooo 5,235,000 6,220,000 

~ 
Heat Transfer Piping- materials only 850,000 890,000 890,000 

Intermediate Coolant {Na) 200,000 200,000 

Spare Parts 3,500,000 3,500,000 6,ooo,ooo 

Turbo-Generator Plant 

Turbo-Generators 37,900,000 37,300,000 37,600,000 
Circulating water systems 6,750,000 4,500,000 4,500,000 

Condensers 5,920,000 3,950,000 3,950,000 
Miscellaneous turbine equipment lzl8ozOOO lz18ozOOO lz18ozOOO 

Sub-Total, turbo-generator plant 51,750,000 46,930,000 47,230,000 

Total of Items Listed ¢64,110,000 ¢69,820,000 ¢84,120,000 
• 

Cll 
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;. Technical Uncertainties and Development Problems 

Power ·Density in the Reactor Core 

The assumed power densities averaged over the reactor core volume for 

the three systems are all about the same - of the order of 120 kw/liter of 

core volume. This high power density has not been demonstrated With any 

fluid fuel reactoro 

T.he HRE-2 has operated stably at 10 kw/liter with a fuel concentration 

of 5 gm of uf35 per litero The principal limitations on power density in 

the aqueous reactor are either: 

ao corrosion rate of the Zircaloy core tank which is related to 

the economics of replacement of the core tank, or 

b. the tendency of uranium to be physically or chemically re

moved from solution onto the Zircaloy vessel.· 

The direct corrosion rate has been measured as a function of power 

density, and an extrapolation of the measurements has been factored into 

the reactor design. T.he validity of the extrapolation can be deter.mined 

almost directly in the T.BR-1, planned for FY 1962 or FY 1963. However, 

higher power densities than 120 kw/1 are not ruled out by the·criterion 

of corrosion rate. 

If appreciable uranium is held on the Zircaloy surface, the AHBR 

as designed here is not practicalo The AHBR core design is believed to 

eliminate this problem by correcting three major HRE-2 difficulties: the 

Zircaloy surface is kept at a low temperature by forced convection cool

ing, the core wall is scrubbed by high velocity fluid, and any sedimentary. 

solids are transported out of the core rather than trapped as in the BRE-2o 

Some indication of the success of these measures will be provided by the 

operation of the HRE-2 with ·reversed flow, but final proof would require 

construction of the T.BR-lo 

For the molten salt and liquid bismuth reactors the power densities 

averaged over the core volume are approximately the same as for the aqueous 
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reactor, but the uranium concentration is higher by a factor of three so 

that the effective ther.mal flux is somewhat lowero Factors tending to pro

vide local concentrations of nonmobile uranium, leading to high local tem

peratures, would be adsorption of uranium on the surface of the graph~te, 

absorption in the pores of the graphite, or the creation of pockets of stag

nant fuelo The graphite grades to be us~d would not tend to absorb much 

uranium under nor.ma~ conditionso However, if a crack started to form in 

the graphite, the fuel would penetrate it, for.ming a static pocket with 

local heating which would no doubt promote propagation of the cracko In 
• . ¥ • 

the case of the salt, a Poppendiek effect 1s expected, whereby the slower 

moving fluid film adjacent to the graphite wall will became overheated by 

about 70°Fo No deleterious effect would result since the graphite is 

stable with respect to the salt to very high temperatures. In summary, 

local ov~rheating is not expected to limit power density in the two graph

ite-moderated reactors. 

No qifficulty of fuel stability at high power densities should be en

countered in the salt or bismuth systems. T.he power density in the molten 

salt fuel averaged over the core of the ARE was about 65 kwtliter, and 

circulating in-pile loops were operated with maximum power generation 

densities in the fuel of as hi~ as 800 kw/litero Capsule tests invol-

ing both graphite .and salt have operated at nearly 1000 kw/liter with_ no 

har.m to the graphite or fuel. T.he corresponding power densit~ in the fuel 

salt for the proposed MSBR is about 8oo kw per liter of fuel in the core. 

The most serious effect of high power density in the graphite-modera

ted reactors is radiation-induced shrinkage of the graphite. If it results 

in cracks in the graphite, then the life of the _graphite moderator will be 

limited and replacement of the graphite core structure would impose an 

additional cost burdeno· Presumably, this would be somewhat less of a bur

den to the molten salt reactor than the bismuth reactor, since less graph

ite is used. If .cracking of the graphite is found to present a :problem, 

then changes in design layout would be made to provide for more convenient 

replacement of the reactor vessel. If the reactor life were ten years, 

the cost of the graphite itself would be negligible. 
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Power Density External to the Reactor Core 

The heat removal system involving the fluid fuel circuit external to 

the reactor is presumably in rather good shape for the AHBR as a result of 

the experience in the HRE-2 and the experience with other pressurized water 

reactorso Since the AHBR primary heat exchanger is also the steam generator, 

means must be available for plugging leaking tub.es remotely o Westinghouse 

has designed equipment for this operationo There is less experience with 

high temperature systems using sodium as an intermediate coolant, and cer

tainly much development remains before sodium at 1170°F can be used to 

generate 1050°F steamo 

Another difficuity for the MSBR is the incompatibility of sodium with 

the fuel salto This will require a high degree of reliability of the fuel~ 

to-sodium heat exchangerso In a first generation plant a compatible coo;t

ant such as a barren salt would probably be used~ The effect of substitu

tion of the barren salt for sodium on breeding performance would be minor, 

but the capital cost of the plant would be perhaps ¢15/kw higher than the 

plant postulated in this study, and in practice there might be correspond

ing improvements in ease of maintenanceo 

The LBBR requires the development of rather large tantalum heat ex

changers., involvi_ng an extrapolation of present technology in this fieldo · 

Blanket . 

The AHBR requires development of a suitable blanketo The pellet 

blanket postulated in this study is a recent proposal, and serious work -· 

has just re~ently been inaugurated on the best methods of pellet formation 

and .on the handling mechanisms for the pelletso The pellet concept is re

garded by same as simpler than the slurry, and at the present rate of work 

the feasibility should be fairly well explored within a yearo In case the 

pellet blanket does not work out, the slurry blanket is an alternate that 

seems ·feasible as a result of extensive development, but which will also 

require proof in an operating reactoro The use of a slurry would penalize 

the breeding performance by doubling the blanket inventory of uranium., 
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resulting in an over~all increase of uranium inventory of ;0%. This would. 

increase the doubling time from 5.5 to 7.6 years, as a first appr~ximation·. 

As far as is known, the MSBR blanket has no problems of feasibility 

other than those of the molten salt concept as a whole. 

Work with the Th02 slurry for the LBBR has been of limited scale to 

date, and rather extensive development would be required. The problem of 

holding the Th02 in suspension may be easier than for the aqueous reactor 

because there is a good match of the densities of bismuth and Th02 o The 

problem of breaking the suspension to remove the Th02 for processing and 

of reconstituting the Th02 in the bismuth may be more difficult, however, 

and much development effort will be requiredo 

A pellet blanket has been suggested recently as an attractive alter

nate for the bismuth reactor system(l;)o The advantages are that one could 

use batch throughput methods as in the AHBR, thus reducing the blanket 

inventory of ~33 by a factor of two, and that the uncertainties associated 

with the bismuth slurry would be reduced. It would probably be very diffi

cult to incorporate thorium pellets in the reactor core; having no thorium 

in the core would require entirely new reactor calculations and·design, 

Since there would be no breeding in the reactor core, it would be much 

smaller to provide adequate leakage to the blanket without excessive graph

ite absorptions. The smaller core size would require the power of individ

ual reactors to be reduced, and the plant capital costs would increaseo 

Disregarding these uncertainties which would affect capital cost, the 

maximum benefit from the use of theria pellets would be 2~ reduction in 

fissionable atom inventory and a corresponding reduction in doubling 

time. It is believed that this change would not effect the comparative 

evaluation of the reactors to any appreciable extent. 

Chemical Processing 

The Thorex process for handling the blanket of both the AHBR and the 

LBBR is of course well developed. The postulated 10 day holdup for cooling 

is beyond present practice, but is believed to be possible within the 
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processing costs assigned. The use of a hydroclone in the AHBR has been 

demonstrated as feasibl~. The peroxide precipitation of uranium to separate 

core uranium from the corrosion products has been given adequate laboratory 

demonstration. The removal of xenon by gas sparging was demonstrated in the 

HRE-1. There is some residual fear of a hydrogen-oxygen explosion with this 

method of gas removal, so that a first generation plant might use internal 

recombination of D2 and o2 with a copper catalyst, and keep the xenon to a 

low level by removing the iodine precursor. The penalty to be paid for 

introducing Cu would be a 2-3~ loss in breeding ratio, increasing the doubl

ing time from 5.5 to about 7.3 yearso 

In the case of the MSBR, the fluoride volatility process has had 

limited pilot plant demonstration as well as extensive laboratory investi

gation. The concentrated HF solution method of separating the base salt 

from rare earth fission products is based on small-scale laboratory exper

ienceo The sparging of xenon from the fuel was demonstrated at low power 

in the ARE, and on the basis of solubility studies seems feasible, but is 

undemonstrated, at the high power densities. There remains the possibility 

that xenon or iodine will be absorbed in the graphite, although this is 

not expected on the basis of known solubilities in the salt. 

The situation on the processing of the LBBR is the same as for the 

AHBR with respect to Thorex process, and essentially the same as for the 

MSBR with respect to xenon removal, although some iodine absorption in 

the graphite has been observed. The removal of T.h02 from the slurry has 

already been mentioned as requiring development and proof of being practical. 

The processing method for the bismuth fuel, although requiring only 

small equipment, is rather camplexo It would seem to require rather elabo

rate instrumentation and control to achieve the proper balance of oxidation

reduction potential. In addition, one would expect a rather serious 

materials problem in contactors that must contain both bismuth or lead 

and a fused chloride salto As a result one would expect that a fair 

amount of development would be required for this processo 
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V. DISCUSSION OF RESULTS 

The principal results of the study are summarized in Table IXo 

The aqueous homogeneous reactor has the highest breeding ratio as a 

result of the superior qualities of the n2o moderator. This superiority 

shows up in the higher effective value of etao Although the distribution 

of neutron losses to structural materials and other poisons varies for the 

three reactors, this difference in eta is carried through to the difference 

in final breeding ratioo Further.more, the effective value of eta estimated 

for the aqueous reactor has greater certainty because a larger fraction of 

fissions take place at thermal energies where ~ is better known. 

The aqueous ·reactor also has a small inventory of uranium which 

stems from the use of a n2o moderator, since it allows a lower concentra

tion of uranium in the fuel streamo 

As a result of having high breeding ratio and specific power, the 

aqueous reactor has by far the lowest doubling time, and consequently 

gives the greatest percent yearly yield of new fissionable material. 

Since the molten salt and bismuth reactors are both graphite-modera

ted, they have about the same value of eta and end up with nearly the same 

breeding ratio. Although bismuth bas a somewhat lower macroscopic neutron 

absorption cross section than the fuel carrier for the molten salt reactor, 

it has only about 35~ as high a heat capacity per unit volume. To keep 

the heat generation capabilities of the reactors comparable, one must use 

a larger volume of bismuth in the reactor core. As a result, under opti

mum conditions the neutron losses to bismuth and to molten salt fuel carrier 

are about equal. 

Because of the lower volumetric heat capacity of the bismuth, it 

must have a higher flow rate for a given heat removal than the salt~ de

spite its operation over a larger temperature spano Also, the bismuth is 

five times as dense as the fuel salt, and must be circulated at low veloc

ities to prevent excessive pressure build-up. These factors account for 

the larger fuel holdup in the bismuth fuel circuit as indicated in Table v. 
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TABLE IX 

SUMMARY OF PERFORMANCE CHARACTERISTICS OF 
FLUID-FUEL BREEDER REACTORS 

AHBR MSBR 

Fuel Specific Power, MwE/kg 1.2 1.2 
Thorium Specific Power, MwE/tonne 5.9 ;.7 
Effective Eta, TlE. 2.250 2.216 
Fuel Cycle Costs, mills/kwhr 1.4 1.; 
Net Breeding Ratio 1.10 1.07 
Doubling Time, years 5-1/2 11 

Fuel Yield, ~/year 18 9 

LBBR 

0.5 

5·3 
2.216 
1.6 
1.07 
25 
4 
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Since the concentration of uranium in the salt fUel is lo79 times as high 

as it is in the bismuth fuel, the total inventory in the fuel circuit at 

the bismuth reactor is only slightly greater than for the molten salt 

reactor. 

The superiority in breeding performance of the molten salt reactor 

over the bismuth reactor stems principally fram a superior blanket pro

cessing method which allows removal of uranium on a short cycle time at 

a low cost. As a result the inventory of uranium in the fertile st:~;eam 

is far lower, as indicated in Table v. This results in a significantly 

higher specific power and a lower doubl~ng time for the salt reactor. 

The inventory of uranium in the fertile stream of the bismuth reactor 

can be reduced either by decreasing the blanket volume or by increasing 

the blanket processing rate. The for.mer will unfortunately increase the 

Pa concentration and decrease the breeding ratio, while the latter in

creases fuel cycle costs. T.hus it appears that the shorter doubling 

ti~e indicated for the molten salt reactor is real at comparable fuel · 

costs. The greater ease of blanket processing for the salt reactor had 

been discussed prior to this studY, but its quantitative effects had 

not been fully realized. 

The breeding performance can, as indicated in the last paragraph, 

be influenced by the amount of money spent in the fuel cycle. Consider

ation was given to this in arriving at the design conditions evaluated 

for each reactoro In the case of the molten salt reactor, for example, 

the blanket inventory charges could be halved by halving the volume of 

the blanket, and, furthermore, the blanket processing Charges would be 

reducedo The protactinium losses would be doubled, however, and a lower 

breeding ratio would result. Thus the particular combination of fuel 

cycle cost and breeding ratio is chosen somewhat arbitrarily so as to 

present, for each reactor, a reasonably attractive breeding performance 

at a reasonably attractive fuel cycle cost. Some indication of the 

variation of breeding ratio as a function of fuel cycle 

molten salt reactor is given by the following numbers: 

Breeding Ratio 1.00 1.07 

Fuel Cycle Cost, mills/kwhr 0.8 1.3 

cost for the 
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Thus the molten salt reactor, while sh~wing the lowest fuel cycle cost at 

design conditions, has greater economic attraction as a break-even breeder 

but cannot compete with the aqueous reactor at a breeding ratio of 1.10. 

The n2o and bismuth reactors are similar in their fuel cycle costs 

in that both have low-cost fuel purification systems, but both depend on 

T.horex processing of Tho2 to recover U and Pa from the blanket. rn· both 

reactors, the largest single item of fuel cycle cost is the blanket pro

cessing cost. By increasing the blanket processing rate, the inventory 

of uranium in the blanket is decreased with a corresponding improvement 

in specific power. As an example, the specific power of the aqueous reac

tor could be increased N 15% by an increase of 1 mill/kwhr in fuel cycle 

cost. 

Decreasing the processing rate of the blanket below the design 

point will probably further reduce fuel cycle costs at an expense in 

breeding performance for these two reactors. However, this would result 

in a marked increase in the amount of power generated in the fertile 

stream, and the change in reactor system design would have an appreciable 

effect on capital costs. Thus the change in total power costs caused by 

further decreases in blanket processing cycle time is not easy to calcu

late. At· least in the aqueous reactor case, there is same reason to 

believe that the design point is near the minimum power cost point. 

In the case of the bismuth reactor, the fuel cycle cost would be 

reduced by 0.25 mill/kwhr simply by reducing the blanket volume, whfl~. 

keeping th~ fuel processing rate constant. This would, however, reduce 

the breeding ratio to about 1.0) as a result of an increase in Pa con

centrat~on in the blanket. 

The differences shown in Table VIII for selected capital cost 

items of the three reactors are small. The bismuth reactor is indicated 

to haye a higher cost, but a break-through in tantalum price and tech

nology could erase this disadvantage. It is generally believed that 

the high temperature systems have the eventual capability of achieving 

lower capital costs, although the numbers estimated here do not indi-

cate this. 



- 52 -

With respect to feasibility, it is probable that all three reactors 

can be developed to the point of successful operation, at least as regards 

technical matters. As things stand now, the certainty of achieving tech

nical success is greatest with the aqueous reactor, for the simple reason 

that an aqueous reactor experiment has operated for two years. _ In compar

ing the two high-temperature systems, the use of a solution blanket, greater 

experience with the material of construction of the heat .exchanger, and 

greater simplicity in chemical processing would seem to make technical 

success more probable for the molten salt reactor than for the bismuth 

reactoro 
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