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ABSTRACT

The MSER (1000 Mwe station) is capsble of giving fuel yields of about T%/yr
(doubling time = 1k years) st & fuel cycle cost of epproximately 1.5 mills/kvhr.
At fuel yields of 1 to 2¢/yr (DT = 100 to 50 years), the fuel cycle cost extrap-
olates to 0.65 mills/kwhr; at 44/yr (DT = 25 years), the fuel cycle cost is about

- 0.85 mills/kwhr, All systems were optimized with respect to fuel cycle proc-
Cw essing times. : T AR ‘

on, The effects on breeding performance of uncertainties in the epithermal value
/ ) of n-233, uncerteinty in velue of the resonsnce integral of Pa-233, variable

thorium inventory in fertile streem and inclusion of ZrF. in reactor fuel were
eveluated. These effects may be summarized as follows:

1. A +10% veriation in the epithermsl value of n-233 from "recommended"”
. value causes & 2.5 to 3%/yr variation in fuel yield but only a +0.06 mills/kwhr
veriation in fuel cycle cost. :

2. Using 900 barns instead of 1200 barns for Pa-233 resonsnce integral has:
only & small effect on breeding performance; the lower value increases fuel yield
ebout 0.25%/yr and lowers fuel cycle cost ebout 0.01 mills/kvhr. -

3. Doubling the thorium 1nventbfy adds about 1.9%/yr to fuel yield and
0.2 mills/kwhr to fuel cycle cost. , |

k., Five mole % ZrFq in LiF-BeFp-UF4 fuel salt decreg.sés fuel yield about
'0.5#/yr, but fuel cycle cost is negligibly affected.
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LEGAL NOTICE =

This report was prepared as an account of Government sponsored work, Nelther the United States,

nor the Commission, nor any person octing on behalt of the Commissions

A. Mokes ony warranty or representation, expressed or implied, with respect to the occurocy,
completeness, or vsefulness of the Information contained in this report, or that the use of
ony information, apparatus, method, or process dl.ehuod in this report may not lnhlngo
privately owned rights; er

B. Assumes eny liobilities with respect to the use of, or Ior damages resulting from the use of ~.

any informotion, apparatus, method, or process disclosed in this report. -
As used in the above, “'person acting on beholf of the Commission™ includes any smployee or
contractor of the Commlulon, or employee of such contractor, to the extent thet such omployn
or or, of the C ission, or ployee of such contractor prepares, dlsnmlno’u, or

provides access to, eny Information pursuont to his employment or contract with the Commlnlen, 7

or his emplayment with such contractor. -
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| "Breeder Reactor Program, an eva.lus.tion of types of reactors ce.pa'ble of ef=
‘ficient utilizat:l.on of thorium vas initiated et ORNL in July 1959 Included
M':I.n this evalus.tion were studies on the Aqueous Homogeneous Breeder Rea.ctor
.(AEBR) , Molten Salt Breeder Rea.ctor (MSER), Graphite-Moderated Gas-Cooled
" Reactor (GGBR )s Deuterium-Moderated Gas-Cooled Breeder Reactor (DGBR) and - |

FOREWORD

~As part of the ORNL responsibility for guiding the AEC Thermal Thorium

Canadien-Deuterium-Uranium Reactor (CANDU ).

This report presents the results of the MSBR evaluation. ( A comparison
of a.ll ﬁve of these rea.ctors has been presented :l.n two previous reports by
this study group. ‘.l‘he rea.der 1is referred to these reports for en appreci-
a.tion of the perrormance of these several systems These reports a.re° B}

L. G. Alexander, et gl., Thorium Breeder Reactor Evalustion. Part I.
Fuel Yields and Fuel Cycle Coste for Five Thermal Breeders, ORNL=CF-
-3-9, Merch 1, 1961. ) o

L. G. Alexander, et &l., Thorium Breeder Reactor Evaluation. Part I..
Fuel Yields &and Fueerycle Costes in Five Thermal Breeders, ORNL-C¥F-
—3-9 IAppendices, Part I), March 1, 1961.




A two-region, molten salt breeder reactor (MSBR) having core dimensions epproxie .

mately T.7 £t diameter ‘by 7.7 £t high and surrounded on +the ends and sides by & 3-ft-

thick blanket was studied for determination of ite hreeding performance and fuel cycle

cost. The core composition was approximately 16 vol % :Cuel-bearing ss.lt, 6.7 vol %
fertile stream and 77 3 vol % graphite; side blanket composition was 90 vol % fertile
streanm and 10 vol 1, graphite. Basic criteria of the study were ‘that the reactor com=
plex be capable of producing power at & rate of 1000 Mwe and that chemical processing
be carried out on site. ‘I‘wo reactors were required, producing steam at 1800 psie a.nd
1050°F.

The f‘uel salt passed through the core and upper end ‘bls.nket in ‘Some 90 two-pass,
bayonet tubes made oi’ impermeable graphite which s.re inserted in openings in the
graphite moderator. Ihe region between the core and reactor vessel and- the ammli
between the fuel tubes ‘and. moderator are filled with fertile material. To minimize
inventory the fuel strea.m pump and heat exchanger are mounted directly ebove the
reactor core.: _‘ ' o ‘ o

The fuel salt was & 63-37 mole % mixture of LiF—Bng containing at equilibrium
ebout 25 gm U per kg salt, oi’ which ebout 18 gm was U=233 and the remainder was higher
isotopes. The fertile salt was & 67-28-15 mole % mixture of LiF-BeFa-'Ith. At equi-
librium the fertile stream contained from T70 to 211-06 gm U~-233 plus U«235 per tonne
salt. The fuel salt was processed for fission product removed by the fluoride vole=- .
tility process and the HF dissolution process. A portion of the fuel salt was dis-
carded during each processing cycle for removal of fission products not removed by
HF dissolution. The fertile stream was processed by fluoride volatllity only;
fission product accumlation in the fertile stream was meintained at e tolerable
level by discarding the fertile salt inventory on & 20-year cycle. In this reactor
only 1.3 - 6.6% of the fissions occurred in the fertile stream.

Nuclear calculations were performed using the 3k-group, multiregion GNU progra.m8
for the IEM-T0L and the Cornpone program’ for the ORACLE. After sttaining criticslity
in these calculations, further computations were made using the ERC-5 progra.m:"o for
the IBM-'?OIL to determine the equilibrium condition. It is the equilibrium results
~ that are reported here.
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The MSER is capable of breeding over a wide ra.nge ‘of operating conditions
giving fuel yields as high as about 7%/yea.r for & doubling time of ebout 11. 5
full~power years. At this high yleld, however, & premium fuel cycle cost of ep-
proximately 1.5 mills/kwhr is incurred principally beceuse of high fuel stream
processing 'che.rges; The fuel cycle cost vas optimized by determining for each
fuel yield the most economic combinstion of fuel stream processing cycle time and
fuel salt discard cycle time. The fuel yleld was made to vary by essuming several
valueé of the fuel stream poison fraction end the fertile stream cycle time.

“In the realm of more economicel operation, fuel cycle costs as low as 0.65

- mills/kvhr are predicted et fuel ylelds of 1 to 2%/year. ‘When the fuel yield is

Lg/year, the fuel cycle cost is approximately 0.85 mills/kwhr. ‘At this latter
condition, ‘the income from sale of fertile materiel Just offsets the snmiel in-
ventory charge. : e ‘ ) : C
Calcula.tions for-e representa.tive set of operating conditions were made to
evaluate ‘MSER performance in the 1ight of uncertainties in nuclear data (value of
1-233 and the resonance integral of Pa-233), variable thorium inventory end ed-
dition of ZrF4 ac & -stabiliz:l.ng agent for the reactor fuel. Ete iralue's at epi-
thermal energies within #10% of the values recommended for this study were employed
in nucleer calculations giving & 2.5 to #3%/year variation in fubl yield; corre-
sponding fuel cycle costs were negligibly affected (+0.06 mills/kwﬁr;). Reactor
performance using & resdnance integral of 1200 barns for Pa-233, used for this
study, was compared with that for'a 900-barn value; fuel yield was improved ebout
0.25%/yea;r with & negligible lowering of the fuel cycle cost. A lower thorium
inventory (140 tonnes vs 270 tonnes) decreased the fuel yield about 2%/yeer with

- & corresponding decrease of 0.2 mills/kwhr in fuel cycle cost. A representative

calcula.tion in which 5'mole % ZrF¢ was added to the fuel salt indicated that the
fuel yleld would be lowered by ebout 0.5%/year and that the fuel cycle cost would
‘be,negl’igibly affected as ,'coinpared'to & similer case contalning no zirconium.

*Based on a plant fr’actori: of 0.8 |




1.0 INTRODUCTION

-The work on ‘bhe Molten Sa.lt Breeder Reactor (MSBR) reported in this memo-
rendum is a portion of 'a more complete study on thermal breeder reactors » which. .
includes the Aqueous Homogeneous Breeder Reactor (AHER), the Liquid Bismuth .
Breeder Reactor (LBER), the Gas-Cooled Graphite-Moderated Breeder Reactor (GGER),
‘end the Deuterium-Moderated Gas-Cooled Breeder Reactor (DGER). The important
results of the complete study on all five reactors is reported in ORNL ,CF—61-3-9 o
by Alexander™ et g it is the purpose of this memorandum to present more detailed
data and caelculetions on the MSER than those included in the reference memorandum.
It is adviseble for:the reader to examine ORNL 'CF_—61.-3-9 in conjunction with this
memorandum in order to make & comparison of the several thermal breeders end to
'obtain information on the MSER that may not be repeated herein.

The MSER was examined with the v:l.ewpoint of obtaining & relationship between

breeding potential and economic performance. Breeding potentisl is related directly

to neutron economy and is therefore associated with the composition and design of
the reactor. Economic performance is determined by the annual chsrge on such
items as the capitel investment in the reactor instellation, cepital investment
in chemical processing plants,.operation of these plants, inventory of velueble
materials (e.g., uranium, thorium, fuel carrier salt and fertile carrier salt),
use of these materials, and waste disposal. On the other hand, income from bred,
fissionable materiel in excess of that req;uired to refuel the reasctor is credited
to the economic performance. Two of the ebove charges have not been included in
this cost e.nalysis because no reliasble cost data are availeble; these are the
capita.l investment in the rea.c'hor installetion and waste disposal charges. In
defense of omltting waste disposal charges, it might be said that since &1l
vestes ere solids the disposel charges will be & very.”small' fraetiori of the

total charges. It is observed that the remaining charges are concerned with the
reactor fuel cycle end. henceforth are referred to as fuel cycle costs.

In order to make a breeding system of the MSBR, it is necessary to exercise
control over those neutron poisons that are a.mena“nie to control; some poisons,
such as reactor structursl materials, are fixed by design requirements. A |
significant advantege in neutron economy is reslized by controlling poisoning
from fission products by chemically processing fuel and fertile streams for

O
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their removal. It is epparent that the system in equilibrium may be operated
et any desired jaoison level 'be'tween thet corresponding to some practical minimm
end that of complete burnout of fission products. It is customary to identify
fission product po:[son level in & reactor as the poison fraction, which is de-

£ined a.s the ratio of neutrons ebsorbed in fission products to neutrons ab-
sorbed in fuel. '

There 15 en :lnverse relat:lonship of po:lson fraction to breeding and- economic
perfomance. In order to maintein high breeding performa.nee ;- it is necessary to

»chemica.lly process fuel and fertile sireams on & relatively rrequent schedule at

the expense of h:lgh fuel cycle cost. On the other he.nd, less frequent proeessing
lowers the fuel cycle costs but has an ad.verse effect on breeding performance.
The fuel cycle cost associated with each poison fraction can be optimized by the
proper choice of fuel stream cycle time and fuel salt discard time. (See Section
2.3 for a discussion ‘of the chemicel processing system.) In this study ‘ell fuel

cycle costs have been optimized with respect to fuel etream processing conditions

but not with respect to fertile stream processing conditions. The fertile stream
conditions were included as & paremeter study 4n which e series of fertile stream
cycle times in the range 35-200 deys vere studied for each velue of fuel stream
poison fraction in the ‘range 0.0l - 0.065. The pertinent resulte are exhibited
as plots of fuel cycle cost (mills/kWhr) versus fuel yield (%/yea.r) and poieson
fraction.
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2.0 DESCRIPTION OF SYSTEM

2a @ysicai System

The molten salt breeder reactor exa.mined in this study 1is based upon the
design of MacPherson '3 and is pictured schems.tically in Fig. 2.1. The reactor
is cylindrical with & core 7.66 ft in diameter and T.66 £t high. The core is
surrounded on the sides and ends by e 3-ﬁ:-thick bla.nket. A l-ﬂ:-thick gra.phite
reflector surrounds the bls.nket on the sides and the ends The reactor s heat
exchs.nger a.nd circula.ting pump are a.rra.nged in a. compact, vertical configuration
to minimize the fuel volume. Surge volume for the system is provided 1n the
chamber housing the pmnp :meeller. . o

Reactor Core. The reactor core is made entirely of graphite formed by
assembling 8-Lin.v squa.re prisms. The corners of adjacent priems a.re machined to
form verticel passages .of :circul_ar cross section gbout 5 in. in diameter. - The
fuel salt passes through the core 1n tubes of bayonet constnictionv vwhich are
inserted into these machined vertical passages;_ the .fuel tubes are made of im-
permeable graphite. The onter tubes (see Fig. 2.1) have inside diameﬁers of
3.75 in. and walls 0.75 in. thick. They are joined to an INOR-8 metel header
by means of flanges, frozen-plug seels, brezing, or transition welds. . These ., .
Joints are presumed to be substentielly leekproof. The inner tubes have inside
diameters of 2.1& in. and walls 0.25 in. thick. They are joined to the inner
plenum of the metal header by slip joints; these joints need not be leakproof
since some bypass leekage &t this point can be tolerated. The reactor contains

epproximately 90 bayonet tubes.

' Sufficient clearance between the fuel tubes and graphite moderator is
provided to allow for differential expansion between the moderator ‘and the ‘
metallic fuel plenum. Fuel selt enters at 1125°F, passes down through the
ennulus in the bayonet tube, rises through the inner tube at 20 ft/sec, and
exits at 1300°F. It is collected in the plemim and passes up through & duct
to the impeller of the pump from which it is forced_through the tubes of the
~ heat exchenger. After leaving the. heat exchanger, the cycle for the salt is
repeated. The sa.lt circulates at approxima.tely 50,000 gpm, removing 1070 Mw

of heet. The heat exchanger contains approximately 8100 tubes (INOR-8) vhich . —

are 0._375 in. in outside diameter a.nd have 0.028 in. walls. The shell side of , ‘ k'j
the heat exchanger contains molten sodium. '

)
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Reactor Elanket. ,fEh_e" 'ina,jor,portion:of the fertile salt circulates through
the side and end blenkets; however, a smell portion% bypasses through the core

in the pessages between the fuel tubes and the grephite moderator. In its

passage through the reactor the fertile salt temperature rises from 1150°F to
1300'F§ this sensible heat 'is then removed in & sodium-cooled heat exchanger.
The selt circulates at approximately 3900 gpm and removes about 112 Mw of heat.
This is about 10% of the total reactor energy; however, only ebout 1.3 - 6.6% of
the res.ctor energy originates fram fisslons in the fertﬂe' stream. The heat
exchanger contains approximately 1000 tubes (INOB—B) vhich are 0.375 in. in

- diameter and have O. 028 in. walls.

Reactor Composition. The approximate volumetric composition of the reactor

core is as follows: 16% fuel strea.m, 6.7% ferbile stream, and 7. 3% graphite.

The volumetric composition of the side blanket is 90% fertile stream and 10%

graphite. The top end blanket contains both fuel and fertile stream; the volu-

metric composition is 16% fuel stream, Ti% fertile stream, end 10% graphite.
Additional data on the reactor and heat removal system are glven in

Table 2.1.

2.2 Selt Composition

The fuel salt consists of & mixture of 63 mole % LiF end 37 mole % BeF,

' contaeining sufficient UFL; (eq_uili'brium nmixture of uranium isotopes) to make the

system critical - about 0. 35 mole %

The fertile stream has a basic composition of 67-18-15 mole % LiF-BeF,-ThF) .
The equiiibrium mixture of course contains Pa-233 , uranium isotopes end & small
concentration of fission products. The uranium content of the fertile stream is
maintained at a q_uite low level by the efficient Tluoride vola.tility processing
method (see below); therefore, ‘it is not exbremely imporbant that the fertile-
stream volume be kept low. In fact, s in some cases it 1s desirable to have a

~ large excess fertile-stream volume to decrease neutron losses by protectinium

capture through the dilution effect.
The distribution of fuel- and fertile-strea.m volumes inside end outside the
MSBR 1s tabuleted in Table 2.2.

<)
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Ta.ble 2.1, Molten Salt Breeder Reactor Flant Data(a')

General

Stetion electricel power, MwE

Station net thermodynemic efficiency, %
Number of r_ea.ctors per stetion -
Thermal péwer per stetion, MwT

' Fraction of electrical power fed back into plant

Fuel

Geometry of core

Moderator - _

Volume fraction of moderator in core
Diameter of ¢ore, ft

Length of core, ft

Thickness of blanket, ft

Volume fraction of moderator in side blenket

Volume fraction of moderator in end blenket
Reactor vessel materiel :

Reactor vessel thickness, in. SR
Mean pressure in reactor, psia ’
Diameter of core fuel channels, in.

Stream

Fuel carrier o

Density (1200°F), 1b/ft3

Fraction of thermal power removed by
fuel stream heat exchanger

Mean hggf capaci:t'y,:‘\létu/lbﬂi‘
Power density in portion of fuel stream
external to reactor, Mt /£t3

Liquidus temperature, (b) °F

. Station flow rate, £t/sec

Velocity (ft/sec) of fuel stream in
Core _ ‘
End blanket .

1000
42.3
2

1182
0.03

- eylinder (L/D = 1)

grephite

7.66

T.66
- 0.10 -

0.10

- INOR-8

1.375
< 100

3.75

63 mole % LiF

37 mole %‘ Ber
195

0.9

7.6

178
20
20
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Teble 2.1, .Continued

Heet exchanger data:s .- .
Tube outside diameter, in.
Tube wall thickness, in.
Material
Tube velocity, £t/sec
Flow rate, lb/hr
Fluid temperature in, °F
Fluid temperature out, °F
Pressure drop, psi
" No. tubes per exchanger
Tube length, ft
Tube bundle diemeter, in. :
Inside £ilm coefficient, Btu/hr-fta-’F
Tube wall coefficient, Btu/hr-ft2~°F
Scele coefficient, Btu/hr-sz-'F
Outside £1lm coefficient, Btu/hr-ft2-°F
Over-all coefficient, Btu/hr-£to-°F
Outside tube ares, ﬁ:2

Fertile Stream

Fertile stream carrier

Density (1200°F), 1b/£t3
Mesn heat capacity, Btu/1b-°F

Fraction of thermal power removed by
fertile stream heat exchenger

Fraction of fission power produced in fertile stream
Liquidus temperature, () °F
Stetion flow rate, £t3/sec
Heat exchenger data:
Tube outside diameter, in.
Tube wall thickness, in.
Material
Tube velocity, f‘t/sec

tube. slde shell side

0.375

INOR-8 ~  INOR-8
20 _—
3.87 x 107 4.55 x 107

1300 - 900

1125 1175
78 100"
8110 -

11.13

69

8020

7080

10,000
48,900
2620
8320

I

67 mole % LiF
18 mole ¢ BeFp
lﬁmle%ThFh

o192
0.32

0.09

932
22.6

tube side - shell side
0.375 |
0.028

INOR-8 -  INOR-8
k.1

O
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‘Teble 2.1. Contimued

Flow rate, 1b/hr
'Fluid temperature, in, °F
Fluid temperature out, °F
Pressure drop, psi
No. tubes per exchenger
 Length of tubes, ft
Tube bundle diameter, in.
Inside £ilm coefficient, Btu/hr-ft2-°F
Tube wall coefficlent, Btu/hr-t2-°*F
Scele coefficlent, Btu/hr-ft2-°F |
" Outside film coefficient, Btu/hr-ft°-°F
Over-all coefficient, Btu/hr-ftz-‘F
~ Outside tube erea, fba

tube side

shell side

5.98 x 10
1300

1150

109

1050

19.7

2550

5660

10,000

40,000

- 1845

1925

6

4. 48 x 106

900
175
100

(2) A pumber, of items in this tabulation ere from & study by Spiewak and |

(v)

Parsly.ll* ' '
Temperature at which LiF precipitates.
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Table 2.2. Distribution of-Fuel-‘and‘Fbrtile-Stream Volumes
in the Molten Salt Breeder Reactor

- Volume Volume per

. . o - fraction . station (ft3)
Fuel stream in
Core ; /; . 0.16 N 13
Upper end blanket ' 0.16 R 88.4
Lower end blanket - _ o o
' External to reactor ‘ .. 280.6
Dump tenks and miscellaneous » - kB.2
Total | : 530.2
Fertile stream in |
‘Core - ST ~ 0.067 95
Upper end blanket 0.75 | ‘{ 109
Lower end blanket 0.90
Side blanket 0.90 2470
i External to reactor 3026

Total ' ' ' 6000

L3

O

O
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2.3 Chemica.l Reprocessing System

_ A flow diegram of the chemiceal reprocessing systen is shown in Fig. 2.2.
The processing operation consists of three parts: fuel salt purification,
uranium recovery from the fertile strea.m, end helium sparging to remove fission
gases from the fuel salt.

. Fuel Selt Purification. The fuel salt is purified in the fluoride volatility-
HF dissolution process by pumping & side-stream of the circuleting molten salt
through the processing pla.nt in & specified cycle time. The cycle time 1is &
function of the poison fraction s.t which the rea.ctor 1s permitted to operate,
which in this investigation is a parameter. o

The first step in purificstion is to fluorinate the molten selt with ele-
mental fluorine to volatilize UF6 'I‘his urenium hexafluoride is then burned in
hydrogen to produce UFI&’ which is recycled. to the reactor after dissolution in
the recovered carrier salt. Ura.nium-free selt, conta,ining fission products,
flows from the 'ﬂuorins.tor to the HF dissolution step.  Here a separation is
made between the salt and the bulk of the fission products. The carrier salt
is dissolved 1n a 90% HF-10% }120 solution leaving fission products, principally
rare earthe, as insoluble material. The carrier salt is recrystallized, fortified
vith recovered UF!;’ end reoycled to the reactor. In order to purge those fissio_n
products which are not removed in the HF dissolution step, portions of the fuel
salt are periodica.lly rexcoved" end fresh make=up sa.lt is sdded. The fission
products purged. in this manner include mainly the e.lka.li metals a.nd elkaline
earths such as Cs, Rb, Sr, Ba, . Te, Se, Nb, Cd, Ag, Tc, ete.

The fuel salt replacement cycle time depends upon the fuel stream cycle
time and the poison fraction. It is possible to achieve &’ sPecified poison
fraction with several combina.tions of fuel stream cycle time end i’uel salt re-
plscement cycle time as is shown in Figs. 5.1 and 5. 2. The proper replacement
cycle is determined by optimizing the fuel cycle cost with respect to several
combinations ‘of the two cycle times. T

Fertile Stream Processing. The fertile stream is processed. in the fluoride

‘]\'rols.tility‘step only. The salt is circulated at a specified rate through &
fluorinator where contact with fluorine gas volatilizes UF6. The selt then
-returns directly to the blanket without additional treatment. The UF6 from the

fluorinator is reduced with :112 to UF, vhich is blended vith UF, recovered from

the fuel salt for recycle to the reactor. Excess production is sold.
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In the MSER at fertile stream cycle times less than 100 deys such & small
fraction of fissions (<6.6%) occurs in the fertile stream that it is not neces-
sery to purify the salt in e HF dissolution step. The fission-product build-up

is slow enough that their level can be conveniently controlled by replacing the

salt on & rela.tively long cycle. A 20-year cycle has been specified in this
study. : :
It vd.ll be o‘bserved that protactinium is nat removed from the fert:lle selt
in this process. FProtactinium buildse up in the salt until its decay rate is
Just equal to the U-233 product:lon rete, The effect of Pa~233 on the neutron

~economy is controlled by adjusting the volume of the fertile stream, la.rger

volumes giving fewer neutron losses to protactinium,

Fission Gas Removal. Fisslon geses are removed from the fuel and fertile
streems by sparging with helium. Xenon, krypton end the halogens are expected
to be removed in this way, The off-gas ie passed through charcoal beds where
the fission gases are ebsorbed. Helium is recovered for reuse.

2.4 Power Generation Cycle :

The steam cycle of the TVA John Sevier pawer pla.nt vas used es & model for
the MSBR concept, 5, Steam conditions ere taken as 1800 psia end 1050'F, the
condenser pressure is 1.5 in. Hg. Addit:l.onal date on power genera.tion equipment
are given by Splewak end Parsly.lh |
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3.0 DESIGN BASES AND COMPUTATIONAL METEODS

3.1 - Plant Size

Based on & study by ‘Robertson,a it vas essumed that future pover stations
in the United States would have & capacity of the order of 1000 Mwe. Consequently,
' this size was chosen for this study. Also it was assumed tha.t anyone building e

plant of this size would be unwilling to install the entire 1oad in a single re=-
actor; therefore, at least two reactors are speciﬁed for each sta.tion. o '

3.2 On-Si'be Processing

On=-site chemical reprocessing was chosen for the station. This method lends
itself to better control and definition of in-process inventory. \ReasonablyA
relisble cost _estims.tesll are aveilable on fluoride volatility plants for proc-

essing core and fertile streams..

3.3 Operating Conditions

All calculations vere made for continuous ) stea.dy-sta.te operation of the
reactor complex. To avoid complicated calcula.tions of startup and shutdovn, it
was assumed’ that the resctors would be continuously fueled end processed, and
that the operation had been going on sufficiently long for all fission products
and hea.vy isotopes to be in equilibrium. ’

3.4 Product Cogposition

The product composition mey vary between the limits of almost pure U-233 to
spent fuel.- However, in a meny-reactor system complex, the fuel yleld (or doubling
time) is unambiguously defined only when the product has the same composition as
the avera.ge composition of the entire system; i.e., reactor plus chemical proc-
essing systems. Celculated portions of the recovered spent fuel and of the bred
material are removed as product at the UF6-UF1‘_ reduction step. The product is
an equilibrium mixture of uranium isotopes; viz., U-233, U-234, U=-235, and U-236.

3.5 System Inventory

In order to be consistent and unambiguous in the definition of fuel yield,
the inventory should include a1l fissioneble and potentislly fissionsble atoms
(U-233, U-235, and Pa-233) in the entire system. Included in the inventory is
any fuel that is reserved to allow reactor opera.tiou during shutdown of the
chemical processing plant. In this study a 30¥da.y fuel reserve was chosen.

O
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3.6 Neutron Losses

Fission-product poisoning in ‘this reactor was based on & study by Burch, -
Cempbell, and Weeren,3 vho made a study of the cumlative effect of 44 isotopes
divided into four groups. This phenomenon is discussed more completely in
Section 5.0. R :

Xenon Poisoning. It vas assumed that xenon could be continuously removed
from the .circuls.ting fuel by ges sparging end maintained et a level such that
the neutron loss to xenon is 0 ‘005 neutrons per fuel sbsorption. Since there
are so few fissions (<6. 6%) in the fertile stream of the MSBR, all xenon losses
vere assigned to the fuel stream. ' L :

- In:choosing & value for xenon losses, it was assumed that (a) neither Xenon
nor iodine is ebsorbed by the graphite moderator or otherwise collects at the
interface between salt end graphite rhases; or (b) if the pores end vacancies -
in the graphite ere accessi‘nle to xenon and lodine, the rates at which they
diffuse into the pores are very much slower then the retes at which they ere .
stripped from the circulating stream by the sparge gas.

Other Fission Product Poisoning. Concerning the effect of the M fission- 7
product isotopes studied by Camp'bell, Burch, and Weeren,3 four groups vere dis-
cerned end trea.ted sepa.ra.tely. The first comprised noble metale which vere
essumed to pls.te out on the cold zones of the circulating system; the second
comprised halogens which were assumed to volatilize during the fluorination
step. A third group which is solu‘ble in HF and therefore ‘not removed in the
dissolution step comprised the elkeli meta.ls (nots.‘bly Rb end Cs), ‘the ‘elkaline
earths (Sr, Ba., ete.) s.nd & miscells.neous group (Te, Se, Wb, Cd, Az, Te, ete.).
This solu'ble group is removed by repla.cement of the fuel salt on some specii‘ied_ '
cycle. 'I'he final group is the ra.re es.rths which are removed by precipits.tion .

- during the HF dissolution step. The poison fraction is thus not ) simple function

of the processing rate snd is computed as described in Section 5.0 below.

Fission products in the fertile stres.m are controlled entirely by the
20-yea.r throwaway cycle of the thorium ca.rrier since this stres.m is not chemi-
cally processed for fission product removal. Y



-Fuel Processing Losses. Fuel processing losses are based upon laboratory
and pilot plant date, which have indicated essentially guantitative removal of
uranium from the salt by the fluoride volatility process. Consequently, losses
that occur. vill be almost entirely in the UF6-—> UFL; reduction step. It is be-
lieved that on large-scale operation these losses can be made quite small ===
of the order of 0.0l% of throughput.

Carrier and Moderator Losses. Nentron losses to the carrier salts are
based upon - the use of & feed saelt in which the lithium component is present as.
99.99 at. %. Li7 and 0.0l at. % LiG. A selt having a lower I.i6 concentration
would be desirable, however, it is questionable whether or not the premium price
for such a selt is justified by the increased neutron economy.

In this ‘study the mono-energetic capture cross section of graphite was teken

to be 4.2 mb at 0. 025. ev and was assumed to vary inversely with the velocity of

the neutrons.

3.7 Nuclear Data

Nuclear cross sections for this study vere compiled by Nestor.u Following

the recomnendations of Fluharty end Evans ,5 a value of 2.28 was assigned to eta

of U-233 at thermal energies. The resonence integra.‘l.' of Pa¥233 was assumed to
be 1200 barns. Allowance for resonance saturation (self-shielding) vas made '
only in the case of thorium, end here Doppler broadening was also te.ken into

account. Epithermal cross. sections of other isotopes o:l’ interest vere adjusted

to agree with the resonance integrals tebulated by Stoughton and ]Iat.'l.per:'t.n.6
The composite 2200-meter cross section of ‘fission products (exclusive of Xe,
Sm-151, end Sm-11+9) was teken as 50 barns per fission and assigned to an

artificia.l ‘element celled "fissium.” A’ resonance integral of 170 bs,,rns per

fission was assigned to fissium as suggested by the work of Nephevw. However,

in the computation of poison fraction, resonance integrals had to be assigned

to each individual fiss:lon product. Availa'ble values were taken ﬁ'om Nephew, o

1f no value was reported, it was calculsated from availeble data.

Fuel Carrier and Blanket Carrier Cross Sections. The fuel carrier, vhich
is composed of & ‘mixture of Li7 L16 Be, and F atoms, is treated es & single,
pseudo fuel-salt atom in the nmuclear calculations.‘ It is convenient to do this

because the GNU code is limited in the number of elements for which absorptions

O
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can be -calculated}_consequently, lunzping these elements saved space on the tape A
for needed ecalculations. A pseudo cross section i’or the fuel salt was obtained
by normalizing the cross section to the basis of one atom of. Z[.:!.7 end sumning the
results. In the normalization the cross section of each atom was multiplied by
the atomic ratio of tha.t ;particular atom to LiT The atomic concentration of -
the salt is then expressed es the atomic concentration of Li7 ‘in the sa.lt. The
lithium component of the sa.lt was assumed to be 99. 99 at. 9, 11/, »

The fertile-stream carrier was trea.ted in e similar manner with the cross
sections of each component etom normalized to the basis of an' etom of thorium.
The fertile~stream carrier contains L:I.7 Lis-, Be, F, end Th atoms. The atomic
concentration of the carrier is then expressed. as the a.tomic concentration of
thorium in the salt. The Li7 purity is the same as used in the fuel carrler.

3 8 Nuclea.r Calculations

Fuclear calculations on the MSBR were performed. using two different reactor
codes: the 3h-group GNU code8 for the TRM-TO4 and the Cornpone code9 for the
ORACLE. The use of the two codes expedited the calculations. The reactor was
first treated in sphericel geometry es & homogenized system using GNU, end &
criticality search was made to determine'the eritical concentration of thorium
end protactinium in the core. The diameter of the equivalent sphere vas taken

. a8 1,09 times the cylinder diameter. This information was then used in COrnpone,

celculations, also in spherical vgeometry, to determine the thorium concentration
in the core of the ,criticalheterogeneous reactor. The heterogeneity of the
MSER could be studied on Cornpone through the use of "disadventage factors";
disaedvantege factors could not be applied to GNU. = Since gll parameter studies
vere to be made on the equiii'brium reactor, tlie criticel reactor concentrations
from the Cornpone celculation were used as’ input. information for an equili‘brium
reactor calculation using the ERC=5 codelo for the. IBM=’{01+. Thie calculation .
determined the concentrations end elemental neutron ebeorptions in the criticel,
equili'brium reactor. ‘ : :

A pore detailed discussion of the nuclea.r calculetions eppears in Section 3 2
of Ref. 1. :

The disadvantage factors mentioned above vere used to relate the concen- ,
trations of the homogenized reactor to those of the heterogeneous reactor. These

factors were determined in a lattice=cell calculation by means of the Cornpone
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progrem for the ORACLE vhich yielded sets of 3k-group disadvantege factors, o
one set for each region of the lattice cell, When employed in & 34-group finite-
" reactor, Cornpone celculation, the correctly "d.isadvanta.ged" absorptions of each
element in each region of the reactor were celculated. ‘

The disa.dva.n’cage factor is defined by the following eq_uation'

| f g, av - -

vhere

= volume of lattice cell
‘,(v-= Vvolume of region J in the cell

= neutron ﬂux in differential volume dv 1n
neutron group n.

E;& c_b<' O<

3.9 Costs of Materials a.nd Faci.lities a.nd Interest Cha.rges '

The basic cost data employed in this study to calculate :t‘uel cycle costs
ere given in Table 3.1.. These data are rbelieved to be representative of the
costs of MSER materiels and amorbization cha.rges.

Fuel Stream Processing. The cepitel cost of the fuel stream processing

' pla.nt ves based upon & cost study by Weinrich,ll who estimated the capital
charges for a plant to process continucusly about 20 fb3/da.y of fuel salt. A
plant of this capacity is within the region of interest of this study. Weinrich's
date were reviewed by Chemicel Technology Division personnel ‘for comparison with
more recent cost date and cost estimating practices at Oak Ridge Nationsl Labora=-
tory and, as e result, his date were adjusted upward. These data and the ORNL
revised figures are presented in Teble 3.2. The ORNL estimate is ‘approximately
tvice that of Weinrich. These estimates wére made from functional flowsheets
representing the best aveilable design information on the fluoride volatility
and HF dissolution processes.

' In optimizing MSER systems to obtain the »mbst economic combinstioh of
fuel processing plant cost end fuel salt replacemens cost, it vas necessary
to extrapolate the ORNL cdst»estimate in Teble 3.2 to both smaller and larger

*W. G. Stockdale, D. 0. Campbell, and W. L. Certer.

|
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Teble 3.1. Items and Basic Cost Data Included in the
Fuel Cycle Cost of & Molten Salt B_reed:er Reactor

Unit Velue Interest Rate

(bfeg) (¢/yr)
Uranilﬁn inventory ’ 15,000 o L
Thorium 1nvén£oxy (es ThF#) s : 27 (é') | e 12.7(b)
Fuel sa.lt'invnetory (u excluc'led)"" S | 40.3(c) 12.7(b)
Fertile sa.lt 1nventory (Tn excluded) ' ) 45.6(“’) - 12.7(®)
Thorium a.mortiza.tion (20-yr cycle) - 27 S 2.6
Fuel salt replacement R k0.3
Fertile sglti{eplacement (20-yr éyc;lé) | 45.6 " 2.6
Fuel strea;m che;nical processing pla.nt 29(6')
Fertile stream chemicel processi.ng plent R 29(‘1)
Breeding credit e | 15,000 |

(2) Th velue at $22/kg plus $5/kg for preparation of selt solution.

(b) Includes interest at 6%, income taxes at k.64, and locel texes and
»:I.nsurance at 2.1% o o ,

(c) Based on LiF at $44/kg and BeF, at $15. ho/kg Plus $11 kg salt for
prepa.ration. Atomic concentragion of Li is 99. 99% Li v

(d) Includes 11;% interest on cepital investment plus 15% for opera.tion
B maintenance. ) - o .




Table 3. 2. -Cost Estimate of Fe.cilities for. Continuous - v
. Processing of Molten Salt. Breeder Reactor Fuel Strea.m. '
Weinrich's Cost Estimate Compared. with Revision Mad.e 'by ORNL

 Tenks and Vessels
(Core Salt Section) = -

Core sa.it hold ta.nks

"Weinrich's' 'Eétimate ($) I

19,500

ORNL Estirhate '($) -

39,000

Core salt fluorinators 16, 500 33,000
UF, chemicel traps 31,900 63,800
UF,‘-UFs reduction tower 8,600 17,200 ’
Vibrators, filters, burners s ete. 5,000 110,000
HF dissolving tenk 24,000 - 18,000
HF eveporators 100 ,000 ,,7180,5'00
HF condensing tower 23,100 46,200
HF storage tank 41,300 82,600
KOH scrub tower. 3,500 . 7,000/ i
Miscellaneous storage and utility tanks 20,000 - 20,000 -
Sub-Total o 294,400 547,300 .
Instelled cost (=1.35 x cost) 397,440 738,800
Coolers (Core Selt Section)

UFg ges coolers - 13,600 3,600
Reduction tower vent cooler 3,000 . 3,000
HF vapor desuperheater 9,600 9,600
HF condensing tower vent cooler 6,000 6,000
Circulating HF cooler 48,000 48,000
Circuleting H,0 chiller 2,400 2,400
Sub-Total 72,600 72,600 &
Installed cost (=1 10 x cost) 79,860 79,860

. Vessels and Tanks :

(Blanket Salt Section)
Blanket salt hold tenks 9,800 _ )
Blanket salt fluorinator 5y 500 Fertile stream o
UFg chemicel trap 3,600 | | processing esti-
Sub-Total 18,900 mated separately.
Insta.]led. cost (=l. 35 x cost) - 25,500
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Table 3.2, Continued

. . VWeinrich's Estimate ($)

6RNL Estimate ($)

Coolers (Blenket Salt Section)

;UF'64cool‘éf»"' S : : - 2,k00

Instelled cost (=1.10 x cost) - 2,640

Miscellaneous Egquipment

Pumps - i Lo, 000
Agitators ' 6,000
Filters - S 20,000

Freon refrigeration systeni 7 160,000
Fuel reconstitution system 60,000

mectr:'lc‘ heating furnaces v 148,000
Pipe heating equipment L - 60,000 :
F2 + 52 gas supply systems : 20,000
F, compressors ' 20,000
Sub~Totel ‘ 534,000 -
Installed cost (=1.35 x cost) 720, 900
Sub-Total of installed cost of -

major eguipment 1,226,300

Attendant Facilities :
Special instrumentation = 76,000
General insij;rumentatiorix‘ : 60,000
Panelbqgtrd.si and alerms ’ , 2&,000
Sub-Totel 160,000
Instelled cost (=1.40 x cost) 224,000
" piping, Painting, Scaffolds

ete., Installed Cost
Speciel piping ' 4,500
General piping(®) o 231,000
Eguipniént footings and foundations (b) 138,000

Pipe insulation . v 8,000

65,700
6,000
30,000
160,000
80,000
148,000
- 60,000
20,000
-20,000
589,000
796,140

1,614,800

76;000
60,000
24,000

160,000

22l,000

4,500
1,210,100
161, 500
8,000



Table 3.2.

Equipment insulation . .
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- Continued -

Weinrich's Estimate ($)

Electrical distribution, lighting, etc.

Pe.inting( c)

Remote operating equipment
Field testing end inspection
Opereting and safety supplies
Fretgnt(d)

Sub-Total - -

TOTAL INSTALLED COST
Contingency(e )

TOTAL DIRECT MATERIALS AND LABOR

Fees and Expenses

Contractor's field expense (£,8)
Contractor's overhead fee (b,g)
Engineering end d.esign(i)
Purchasing end shop inspection('j)

Estimsted Cost of
Additional Facilities

‘Sempling facilities
Ventiletion .
Waste removel
Cells and buildings
Leboratory
Mock-up cell

Crane

TOTAL ESTIMATED FLANT COST

20,000 : .

144,000
28,000
75,000
25,000
15,000
37,000
725,000

2,175,840

217,580
2,393,400

119,670

359,000
478,700
119,700

1,500,000 (%)

4,970,500

ORNL Estimate (#)

20,000
144,000
36,300
75,000
25,000
15,000

48,400

1,767,800

3,606,600

901,650

4,508,300 -

2,254,150

901,660
225,400 -

70,000
10,000
50,000

1,700,000

50,000

20,000
60,000

9,849,500

C
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Teble 3.2. . Continued
.- Footnotes

\ B

(8)pctimatea by Weinrich es 25% of major equipment purchase price. .
‘Estimated by ORNL as 100% of maJor equipment purcha.se price.

(b )Estimated es 15% of ma,jor equipment purchase price.
C )Estimated. as 3% of major equipment purchase price.
(d)Estimated. as h% of maJor equipment ‘purchease price.

(e )Estimated by Weinrich as 10% of tota.l installed cost. ’
Estimated by ORNL as 25% of totel installed cost. ’

_(f)Estimated by Weinrich as 5% of total d.irect materia.ls ‘and lebor cost.

(g )Sum of contractor's field expense. and overhead fee teken by ORNL es 50%
of total direct materiels end 1abor cost. _

(h)Estimated by Weinrich as’ 15% of total direct materials end lebor cost.
(i)Estimated as 20% of totael direct materiels and labor cost.
@ )Estimated as 5% of tota.l direct materials and 1abor cost.

(k)Weinrich elloved $1, 500,000 i’or ad.ditional facilities tha.t might be
shered with reactor operetion. e . _
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plants. - The extrapolation was made by assuming that the capital cost is pro-
portional to the 0.6 power of the processing rate, This method of extrapolating
~ cost data. hae been found reasonebly eccurete when applied to the chemicel in-
dustry as a whole and to plants which process nuclear rea.ctor neterials.

There is a limit, however, to the extrapolation in the region of low proc-
essing rates because at some low rate, vhich may not be well defined, it is
economic to chenge from continuous to batch processing methods. In this study
it was assumed that the lower limit of continuous ‘processing would occur a.raund
7 ft3/day, vhich corresponds to e fuel cycle time of T5 days. (The fuel stream
volume was constant at 530 ft3 ) When the fuel cycle time is T5 days, the ex-
trepolated cost curve (Fig. 3.1) indicates that the capital investment is ebout

$5 million. Furthermore, it was felt that the investment in & batch plant would
not be sensitive to further increases in the cycle time; ,consequently, the $5
million value was assumed to eapply to all plants having cycle times greater than
75 days. A batch processing plant was estimated by Weinrich to cost $3.4 million;
the esbove figure sllows & premium of $1.6 million over Weinrich's estimate.

Fertile .Stream Processing. The fertile Streem is proceesed qnly in e
fluoride voletility step and, therefore, reg,u:!,res imch less equipment than the
accompanying fuel stream processing plant. Weiririchll included the fertile
stream plaht as an integral part of his fuel stream plant design end did not
make & complete separate breakdown of the two costs. However, it was possible
to prepare a cost estimate for the fertile strea.m plant by extracting speciﬁc '
items from Weinrich's estimate and including a._llocations for instruments, bnild-
ings, etc. ORNL pricing procedures were applied to prepare the estimate given
in Teble 3.3.

This tabulation presents velues that are applicable to a plant processing
fertile stream at & rate of 20 ﬂ;3/de.y, the same basls upon vwhich the fuel
stream processing plant was designed. For this rate it was estimated that the
capitel investment would be sbout $1.8 million dollers. These values were plotted
in Fig. 3.2; the remainder of the graph was obtained by assuming the cost was
proportional to the 0.6 power of the processing rate. g
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Table 3.3. Cost Estimate of Facilities.for Continuous
Processing of Molten Selt Breeder Reactor Fertile Stream

Tanks a.nd. Vessels

Saelt hold tank

nuorinator

UF6 chemicel traps

UF69UF,+ reduction towers
Vibrators : '
UF6 ga.s coolers

Reduction tower vent cooler
Pumps

Filters :

Agitetors =

Freon refrigeration

‘Bred materiel reconstitution
Electric heating furnaces
Pipe heaters

F, supply

F2 gompressor

Sub-Total :
Installed cost (=1.35 x cost)

Attendent Facilities

Special instruments

General instruments
Penelboards and elsrms
Sub-Totel
Instelled Cost (=1.40 x cost)

Installed Cost of Piping,
Insulation, Painting, etc.

Special piping

Genersl piping (=100% of major equipment cost)

Equipment footings and foundations (:15% of
major equipment cost)

Estimated Cost ($)

20,000
20,000
43,000
12,000
10,000
3,600
3,000
‘8,000
2,900
6,000
23,500
8,800
20,000
8,800
2,900
2,900
225,400
304,290 .

Lo, 000
30,000
15,000
85,000
119,000

3,000
225,400

33,800
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Teble 3.3. Continued

Estimated Cost ($)

"

o)

TOTAL ESTIMATED FLANT COST

Pipe insulation - 1,200
Equipment insuletion 3,000
Electrical .distribution. .. = 21,000
- Painting (=3% of major eq_uipment cos};) 6,800
Remote operating equipment 11,000
: Fleld testing and inspection 3,700
' Operating and safety supplies 2,200
Freight (=4% of major equipment cost) 9,000
Sub-Total 320,100
Totel instelled cost 43,400
Contingency (=25% of totsl installed cost) 185,800
TOTAL DIRECT MATERIALS AND LABOR 929,200
'Contra.ctor & field expense end overhead
(=50% of total direct materials end lebor) 46k, 600
Engineering end design (=20% of tota.l direct
- materials and lebor) 185,800
Purchesing end shop inspection (-=5% of total
- direct materieale and le,bor) , 46,500
Additional Facilities Shared
with Fuel Salt Processing Facilitles
Senpling - 10,300
Ventiletion 1,500
Cells and buildings 100,000
Leboratory 7,400
Mock-up cell 2,900
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4.0 REACTOR CALCULATIONS

1L.l Reactor Size ‘

For engineering res.sons it ws.s decided ths.t the MSBR would be e cylinder
he.ving -1 height equa.l to the dia.meter. ,

Core Size. In determining the core size of the MSER 1t was necessary to
fix certain reactor properties. In this study the thermal power, fuel stream
veloclty in the core, and the temperature rise of the fuel in its passage through
the core vere arbitrarily chosen. The dis.meter of the core is related to these
qua.ntities‘ bnyq 2.

e -,=A[ N T ,]1/2 @
> (zup <y £)(AT) | o o

where | - o

' '-=’, core thermal power per reactor

= "strea.m velocity

= stream density

= hest ca.pa.city

w’ao 'D'fa"lﬂ
n

= fraction oi’ core cross section occupied. 'by fuel stream
AT = 'temperature rise ' S

When the eppropriate numbers are substituted in this equation, & core
diameter of ebout:T. 7 £t 4is o'btained. . The power used in obtaining this di=sm~
eter was one-half of the. total core pover for the . station, giving two reactors
for the installa.tion.. This agrees with the decision that the totel station::
load would not be committed to & single reactor. - C

Flenket Thickness. The cylindrical core of the MSER is surrounded by a
blanket on the sides and on ea.ch end. Based on previous studies, 13 the thickness
of the blanket was fixed at 3 ft on both ends ‘and on the side. This thiclmess vag

sufficlent to reduce neutron leakage to & tolere,ble level. As given in Table 2.1,'» :

the side blanket is 90 vol ¢ fertile stream and 10 vol ¢ grephite.

Refléctor Thickness. »T_h‘e reflector Vas 'cho'sien tobe e l-rt'=thick block of
graphite 'surronnding‘th'e' side and end blenkets. The over-all reactor dimensions s
excluding the reflector, ere 13.66 ft diemeter by 13.66 ft high. '
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k.2 GNU Calculations

The calculations for the MSER were made as indicated in the flow diagram of
Fig. 4.1. The basic nucleer calculetions were performed on the nmltiregion, one-

dimensional, 34-group GNU progra.m8 for the IBM-TOk. The equilateral ’ cylindrical ’

reactor was treated as an equivelent sphere having e ‘diameter 9% greater than the
cylinder; the 34 groups of cross sections consisted of 32 fast groups, an epi-
thermal group for the energy range 5.5 kT-0.6 ev, ‘and & thermsl group.

Inggt ta. Input deta for GNU consisted of speci:t‘ications of reactor
geometry, dimensions y &nd the homogenized atomic densities of the several ele-
~ments in the system. The concentration of each element was homogenized over the "
region in vhich it appeared. Since a small fraction of the fertile stream passes
through the core of the MSER, the core ,concentrations included the sum of fuel
- stream and that portion of the fertile stream concentrations. The initisl values
of fuel, moderator, and fission product concentrations used in the GNU calcu- ‘
letions were based upon concentrations previously developed for the experimental
ges-cooled reactor (EGCR) and from previous molten selt reactor s’tudies.‘ The
elements considered in these calculations are given in Table h’l.'

Output Date. The GNU program provides e criticality search by which elther
& dimension or one or more concentrations ere varied until the multiplication
constant differs from unity by less then some small specified amount. In these
calculations the reactor was made critical by varylng the concentrations of -

protactinium and thorium in the core.  Since the thorium density in the fertile~ -

streem carrier 1s fixed by the selt composition, this 1s equivalent to verying .
the volume fraction of fertile stream in the core. Additional useful output

date were the fractions of neutrons involved in absorption and fission reactions

for each nuclear species in each region of the reactor.

4.3 Cornpone Unit Cell Calculation

The second step in the nuclear calculations was to determine the atomic
concentrations of the heterogeneous reactor. (The GNU progrem could treat only
a homogenized system.) The core of the MSER was visualized as being composed
of & number of cylindrical, unit cells like the one diagremmed in Fig. 4.2. The
unit cell conteined six regions (see Fig. 2.1): inner fuel zone ’ graphite tube,
annular fuel zone, graphite tu'be, fertile stream passage » and graphite moderator.
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Table &.1. mements Considered in Nuclear Ca.lcula.tions
of the Molten Selt Breeder Reactor

‘m R Xe-135

- Pe-233 | , Fissium
U-233 o . Sm-151
U-23% - Sm-149

S uU-235 ~ Grephite
U-236 , Fuel-Stream Cs.rrier( e) y
o o " (63-37 mole % LiF-BeF,) -
Np | " Fertile-Stream Carrier(®)

(67-18-15 mole % LiF-BeF,~ThF) )

() Uranium excluded in nuclear properties of galt

(b) Th content excluded in nuclear properties of selt

The cell was examined using the Cornpone code9 for the ORACLE to develop e set of
34=-group disadvantage factors for each region of the unit cell, These disadvantege.
factors, defined in Section 3. 8 were then used in subsequent Cornpone calculations
to determine the concentrations for the criticsl, s heterogeneous reactor.

The Cornpone code treated the unit cell as an infinite cylinder having zero
net current at the outer boundary Input informa.tion for the ca.lculation was
the streem concentration in each region and the thickness of each region. The
stream concentrations used vere those developed in the preliminary GNU ca.lcu-
lation. In eddition to the disadvantage factors, the ‘code calculated the mlti-
plice.tion consta.nt of the cell.

kb Cornpone Finite Reactor Caleulation

The disa.dvantage factors were used in & finite reactor ,calcula.tion using
the COrnpone program to determine the critical concentrations of the heterogeneous
reactor. As in the GNU celculation the reactor vas calculated in equivalent
spherical geometry.
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P

Input Data. : The calculations were made on & 3-region model - core, blenket, \iij
end reflector. The concentration of each nucleer'species, vhich were obtained ( ]
from the GNU calculation; was homogenized over & region according to its volume
fraction in the region. The set (or sets) of disadvantage factors to be used -
with each concentration was specified as well as the dimensions of the region.

The machine calculation multiplies each homogenized concentration by the appro-
priate disadvantage facter so that all properties that are dependent on the atomic
density of that element are weighted by the relative flux to which the muclei are
exposed. The concentrations are thus “disadwantaged" to reflect the heterogeneity
of the system. For example, the absorptions in the i-th element in the j-~th stream
in the k-th region is computed by the double summation

Ai,d, Z Z Dy 5,k (Au) ¥,5,% 1 J(Au) [ (Au) Au av, o (3)
k - .

vhere ﬁ'(ku) is the group-mean flux in the homogenized 1ncrement‘of volune

AV 1 L3,k is the disadventage fector, K 1,3,k is the homogenized atomic con-
b4 2

centration, end O (Au) is the absorption cross section.

It should be pointed out that disadvantage factors were applied only to
element events (absorptions and fisslons) occurring in the core. In the blanket
and reflector, element events were celculated as though the disadvantaege factors
were unity for a&ll lethargy groups. '

Omtggt'Data. The Cornpone program determines the fractions of absorptions
and fissions of each atomic species in each region and the multiplication con-
stent of the reactor. The code does ‘not meke a “"search" on eny of the input
information, hence it-is necessary to rerun the problem vith adjusted input if
the multiplication constant differs from unity by more than e prescribed small
amount. In these calculetions criticality was achieved by varying the thorium.

concentration in the core.

Reaction Rate Coefficients. Element sbsorptions in each region of the

reactor were used to compute sets of reaction rates coefficlents, Ci 3 k,'which
IV
are defined by Eq. 4. :

- ' » o
= Ladsk Z z a
Lok W 4 / D; y,x(8u) 0 ;(au) B (au) su av, | (4)

k u



L)

-4l -

" The symbole have the same definition as given gbove for Eq. 3. 'Since the double

summation 1s computed by the Cornpone code, the calculation of C 1 J is straight-
IR _
forward Con : : ' :

The coefficients a.re properly disadvantaged through the use of Di, J,
reflect the heterogeneity of the system. These integra.ls have the usef‘ul property
that, when mzﬂ.tiplied 'by the streem atomic concentration and the volume fraction
af the stream in the considered region, they give the fraction of neutrons in-
volved in absorption intera.ctions with the i-th element in the J-th stream in
the k-th region. Furthermore, if this fraction is multiplied by the totel number
of_‘neutrons ‘born per unit time ;in the reactor, the product is the a&bsorption rate
by element 1 in stream J in region k. This letter quantity is very useful in
caleuleting the equilibrium state of the reactor as discussed below. -

In e calculetion eimiler to thet described by Eg. h, sets of fission rate
coefficients were developed for elemente that hed & fiseion cross section. These
fission coefficients were used in en entirely esnalogous manner to the sbsorption
coefficlents to describe element fission events in the streams and regions of the

~ reactor. : All comments about the use of ‘the &bsorption coefficients spply to the

fission coefficient.

k.5 Fquilibrium Reactor Ca.lculs.tions (ERC-5)

» Equilibrium Reactor Calculations vere next performed on the critica.l Cornpone
reactor by means of the ERC~5 coaet® for the IEM-TO4. Thise program integrated
the reactor with the fuel and fertile stream chemical processing systems and com-

puted pertinent eq_uilibrim properties of the systein.

Inm' t Datd. The eouilibrium celculations required the following input in-
formation: fuel and fertile stream volumes, volume fractions, process cycie
times, - process holdup times, and critical concentrations; reactor pover, poison
fraction override, fuel reserve time, and recovery efficiencies associated with

fuel end fertile streem processing. The ERC-5 code solved & system of equsations

based upon conservation of mass, criticality, and conservation of neutrons; these
equations-used the a.bsorption &nd fission reaction rete coefficlents calculeted
from the Cornpone data. All neutrons were accounted for, including those absorbed
in fertile materisls, moderator, carriers, etc., and those leaking out of the

‘blanket or lost as delayed neutrons.
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Output Data. -The program celculates the equilibrium stream concentretions.
and neutron ebsorptions in both fuel and fertile streams for the elements listed

in Teble 4.1. Also the inventories and mass processing rates are computed for

all uranium isotopes, thorium and protactinium. Since the sales philosophy is

to sell & product that hes the same composition as the system mixture, the
fractions of recovered fuel and fertile streams that are directed to sales are
calculated. Ad.ditional values calculated by ERC=5 code are the fra.ction of ,
fissions in the fertile stream and the inventory of fissionable material reserved
for a possible 30=-da.y shutdown of the processing facilities.

The program offers the option of atteining criticality by adjusting the U-233
and U-235 concentrations in the fuel stream or by adjusting the volume fraction of
thorium in the core. In these calculations the second option was employed. Slight
edjustments in the amount of thorium in the core had & negligible effect on the

carbon-to-uranium ratio and hence on the neutron spectrum.

- In some instances it was desirable to specify the fraction of neutrons that
would be alloved for losses in xenon, fuel fission products, and 1eakage.-‘ This
condition could easily be treated on the ERC-5 code by specifying & fictitious
atomic concentration and ebsorption rate coefficient that gave the desired ab-
sorptions. Xenon and fuel stream fission products wvere treated this wvay beceuse
their amcunts are controlled by predetermined processing rates. Leskage is con-
trolled 'by the reflector design. ' B ' '
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5.0 FUEL STREAM POISON 'FRACTION CALCULATIONS

5.1 Poison Fraction

The total poieon freotion éenerated by fission producfs in a reactor in-

cludes the contribution to neutron losses from fuel streem plus fertile stream
fiesion products in both core and blenket regions. "Since in the MSER the number
of fertile stream fissions is & small portion of the total fissions and to sim-
plify the calculations, the total poison trection wvas essigned to the foel strean.

By definition,

:neu':brozis sbsorbed by 1-th fitsslioriﬂ product 1n fuel stream

Poison frection = Z neutrons absorbed in U=-233 + U-235 in fuel stiream

i
=Z 11‘11"1"1*‘"’1221)V (5)
| - RV
1
vhere, |
' ,Ni,l = atomic concentration of i-th fission product, e.toms/cm ’
:1,1. -= volume fra.ction of fuel strea.m 1n core, B |
f1,2‘ - volume fraction of fuel strea.m 1n end blanket 3
U = ’a.verage effective neutron flux in ‘core, neutrons/cm -sec,
¢ : = avera.ge effective neutron f.l.ux in end blanket s neutrons/cm -g5€ec ’
o:, .= -effective ebsorption cross- seetion for A=th - atom, cma,
Ft = :tote.l ﬁ.ssion rate in’ reactor, fission/sec, e
. o :‘ neui;rons ‘born per ﬁ.ssion, | S -
ﬁ = neutrons born ijer neutron ebsorbed :ln:t‘uel, R
v = ~total fuel stream volume, ‘cm3.r :

The atomic concentra.tioh, Ni 12 cen be expressed :ln terms of knom quantitiesr
by considering the steady state. of the i-th isotope. Equating the production rate

to the sum of all removal rates, there obtains .
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FY, N, .E

tY1 NoaB
—— et
v N, 7‘”1'11(11%."5.'*“1221)+ T (6)

The velue of N from Eq. 6 can be substituted_ into Eq. 5 to obtain , |

1,1

i 7\+f 00‘+f ¢, 0, + =~

f o Ny, f11°1°’1+f1221 e s L (.;,

pfo= ) — — !

V i '
1,111 1221 Ti R ’

Symbols not previously defined are

Y, = yleld of i-th 1satope (for some nuclides this number hed to
: be a.d,justed to account for the existence of & precursor isotope
“in the chemical processing schemes),

A, = decay constent of i-th isotope, sec’l, . ‘
E, = efficiency of removal of Vi-th”i'sotope ‘in ‘chemical processing,

T, = cycle time for i-th isotope in chemicsl processing, sec.

The quantity E /T in Eq. T expresses the removal rate of the i-th isotope
in chemical processing In MSER processing, T assumes two values, ldentified
as Tl end ‘I‘l a’ the velues being characteristic of the chemical behavior of en
atom in processing. T, refers to those fission products whose removal is.

accomplished in the HFld.:I.ssolution step (see Teble 5.1); therefore, '.l‘l is the
actual fuel stream cycle ti‘me through the chemical processing plant. Tl a is
a.ssocia.ted with those fisslon products whose removel 1s accomplished by dis-
ca.rding e portion of the uranium-free fuel salt each time the fuel stream is
processed. The time Tl a is indegendent of the time l‘ there is, however, the
restriction that Tld must be greator than Tl’ ;n the economic cases, Tl a will
be several times larger then ’Tl' S ' '
The total poison fraction attributive to the fuel stream is the solution
to FEq. 7. Through this equation the totel polson fraction is related to the
cycle times Tl and Tl a and thereby to _the capital investment in the pz;oc'essing
plant and the replacement cost of the fuel selt. Furthermore, it is possible
to optimize these costs for & given poison fraction by the appropriate choices

of Tl and Tld This optimization was made in this study.
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5.2 Solution of Poison Fraction Egquation

_ The total fission product poison fraction was conveniently calculated using
PF-8 and PF-9 codes for the ORACLE which solved Eq. 7. Detailed knowledge of
cross sections as & function of energy for the individua.l fission products was
not evaileble; however, reasonably relisble thermal cross sections are known.

It was necessary therefore to relate fission‘ i)rodu‘ct s.bsorptions‘to" a.'bsorbtions '
in another element for which more extensive cross section data ere available.
Carbon was chosen for the reference element.

In Eq. T &ll of the terms s.re known except the term ¢C. From previous GNU -

or Cornpone celculations a reaction rate coefficient ’ cc s for carbon can be com~
puted as the quotient of total carbon absorptions at all energies in a region
end the homogenized concentration of carbon a.tonis-'(see ‘Section 4.4). Using this
qua.ntity an effective thermel flux cen be computed as

y ' R ove D o
| e Bl S (®)
in wvhich d'th' is the thermal microscopic absorption cross section for carbon

end D is its thermal disadvantsge factor. The other quantities vere defined

above in Eq. 5. - _ o
' If it is desired to treat fission products es 1/v a'bsorbers, it 1s only

' necessery to multiply 'both sides of Eq. 8 by the thermal .absorption cross

section, o Ih, to obtain the absorption rate.. !ﬁze o,iif :h 50 obtained may be

 used in Egq. 7 in computing the poison fraction. On the other hend, & more

peesimistic - but more realistic - computation is to include the resonance ab-
sorptions and in some manner ed,just the therma.l energy cross sections to re-
flect these resonances. An ei‘fective crose section was celculated for each
fission product by including the resonence s.b‘sorptions in the following manner:

| f;Z |
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vhere,

resonance integral for 1-th huclide, cm‘?',

(RI),
Z g = macroscopic fission cross secti&n in reactor, ém'f],',
gZ ™ slowing down powér in resctor, cm'l,

f = fraction of totel fissions occurring at thermal energy,

v = num'ber neutrons born per fission.

The terms Vv Z f, ¥ Zt’ end f are computed by the GNU code for the IBM-?OI&

.'Both sid.es of;Eq. 8 can be multiplied by 0'1:: from Eg. 9 to obtain
FvC, - v X, N
eff eff l' t " e } [ th ]
¢St o5t e oo+ (RI) - (10)
th 4 : %Eh vp JLE e Z

" When the subscripts 1 and 2 are inserted to denote core region and end blanket
region respectively, two expressions ere obtained for insertion as the ¢o terms
of Eg. T. These are |

- F,_vC v.Z : .

I, oFFE L ful [, @, @

’ o v/p £4 Z
. . (] c - .

vhich is substituted for the term °1 1, end -
FLVC e VY. e .

eﬁﬁfa ‘;ff_= _{B_Jﬁ[q’:h " £ (RI)i] I (12)

, o v/n, | £6), o

vhich is substituted for the term 0,0, .

The éolﬁtion of Eq. 7 revised by Equ_ 11 end 12 1s the desired ~po:l.son frection.

vV g

£t Ly

The value of for this reector was 0.6013.

O
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U ' Resonance Integrals. Velues of resonance integrals have not been reported
for a1l hh muclides of Table 5.1, =
The ones reported by Nephew7 wvere used, and, for the unavaileble velues,
assumed or calcula.ted velues were used. When & celculetion vas made, the method

for infinite dilution described by nresnerl7 was used.

5 3 Fission Products Included in Poison: Fraction Calcula.tion

The fission products used in the poison fraction celculations were those
reconnnended by Burch, Ca.mpbell, end Weeren.3_ ~Forty-four nuclides thet would make
an apprecie,'ble contribution to the poisoning were chosen; these are listed in
Teble 5‘1.‘ The isotopes of xenon are not included in this tebulation because the
poisoning from xenon (primarily Xe-135) is so large that it 1s treasted separately,
end e special processing method (ges sps.rging) mst be employed to bring this value
within tolereble limits. “Hence the poison i’ra.ction calculated by Eg. T for the
fission products in Teble 5.1 excludes eny xenon contribution.

The 44 fission products ere divided into ‘three groups vhich classify the
elements more or less according to their chemical behevior in the system. The
first group contains ‘the metals that'a.re noble relative to nickel and might be
expected to be reduced and plate out on the ytalls of the ‘system. Also_included :
in this group are the iodines and bromine that are probably removeble by gas -
sparging and hence may behave like xenon. The noble metals and the halogens are
treated e.s if they are removed from the fuel solution on & very fast cycle end
thus contribute 1little to the poison fraction.

The second group contains the reare ea.rths that are removed by precipitation
in the: HF-dissolution pcrocess and are thereby controlled by the fuel stream cycle
tine. This is the time referred to sbove &s Tl . o

The third group conta.ins the alkali end alkeline earth metals that are soluble
in the BI‘-dissolution process end are removed by discarding the fuel selt on &
specified cycle. This cycle time is identified gbove as '1‘1 a

5 L Gas Sps.rging end Effective Yield S

Fission product nuclides vhich are dasughters of ge.seous precursors will heave
K "effective" yields that are emaller than their actual fission yield beceuse the
gs.s sparging operation removes & portion of the parent atoms before decay. The
\/ fraction of gaseous muclides of & particula.r species which undergo decay before

being sparged is



Fission Product Nuclides Included in - -

Nd-150

Table 5.1:-
Poison Fraction Celculations.
Kuclide Thermal Decay Yield Resona.nce(
Cross Constent =~ Integral d)
Section _ A
(berns) = (see™™) (berns)

, Atoms removed by pleting on walls or 'by gas. sparging » '
Rh-103 . 1% .. .. . .gteble . . . 0.029 .. - 1000 .
‘Mo-95 : 3.4k " 0.064 101
Ru-101 : 2.46 RERL 0405 131
Ru-102 1.2 " , ~ 0.0%2 26.7
Ru=104 0.7 A s 0.018 15.8
I-131 600 - 0.995x10 ©0.029 25

- I-129 S A1 " gteble . S 001 T 25
I-127 6.1 " . 0.0025 167
Br-81 2.6 " : 0.0013 83.2
Zr-93 L , o O 065 - 43.9
Zr-91 1.5 0. 666x10 - 0.0%9 9.7

Lo . Atoms removed by precipita.tion :ln BF-d.issolution S

G5t (o 02607 stable 000 be2 -
Gd-Eu-155\% 0.7 x102 0.1281x10 0.0003 152 .
Sm-1%9 0.5 x102 ~ steble - 0,007 ©0.219x10° -
Sm-Bu-151 - T0O00 0.301x10"2  0.0033 3315 -
Eu-153 400 steble 0.0013 1512
Na-1%3 - 290 . S 0.052 C3T
Pu-147 60 0.845x10"° 0.015 2050
Na-1%5 52 - steble 04029 310
Pr-141 11 " 0.0% .16, .
Na-146 - 9.8 B 0.022  1ole)
La-139 Eg "0, 068 o o 21;(7) =

Nd-1 . " .0 -~ 10(e).

'Nd-l% La-lho(a) 3 " 0:08° S
Ce-lk2 1.8 . 0.2kx10 7 0.059 () 1ot<=) -
Y-89 1.k 0.206x20-T 0.0271 0.18F
Ce-140 0.6 0.6 x108 0.063 10 c}

2.9 0.1824x10-9 0.005 . 1o\e)
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Teble 5.1. = (Continued)

Nuclide - Thermal . Decay : Yield Resonanc? )

Cross Constant Integral
Section 9
(barns) (sec™) (barns)

‘Atoms removed by fuel salt discard

ca-113 0.25x10° steble 0.0001 51.9
Sr-89 130 0.149x10~6  0.027(®) 193
Ag=109 8k - steble : o 0003 1396
Ag-107 30 - " 0.002 198
Cs-135 15 " | 0.00046(P) 375
Se-82 2 " | 0.0025 0.347
Cs-137 2 0.732x10~9 - 0.0308(®) . 37
Sr-90 1 stable 0.059 "~ " 10(e)
Ba-138 0.7 : " 0.01k%(b) 0.0021
Te~130 0.3

" 0.02 8.6

(&) Considered together because cross. sections end/or yields are about
the same. .

(b) Yields are asdjusted to reflect gas spa.rging of gaseous precursors on
e 6-minute cycle. PR o

(c) Assumed velue of resonsnce integral since no de.ta for calculating
availa'ble.

(d) ) l!b:cept es indicated by footnote (c) ’ ‘velues are from Nephew (reference 7)

“or: calculated by method of Dresner (reference l’{)




: }‘decay
b
7\'S.eca.y )‘sparge '

vhere the terms designa.te the deca.y rate and the sparge rate. The effective -
yield then becomes . '

Effective yleld = (actual yleld) - Qecdy . (13)
' decay sparge

For example consider sr-89, a daughter of Kr-89, under conditions for
which the gverege sparging time of the fuel stream is six minutes.

Kee89 ——mm—> 3'?"89 T ¥ s>
: 4 - 0.693
Effective yield of 5r-89 = (0.048) —32 — - 0.0271

In this example the effective yleld of Y-89 would be the same.

Where applicable,: effective ylelds based on & six-minute sparge cycle were
used in poison fraction calculations in this study. :

5.5 Fission Products as 1/v Absorbers

, A series of calculations ves made using the poison fraction code for the
ORACLE to esteblish the poison fractions essociated with e large mumber of
combinstions of fuel stream cycle time, Tl’ end fuel salt discard time, Tld'
The initial calculastions were performed considering the fission products to be
l/v absorbers, and the results are plotted in Fig. 5.1. The curves represent
the solutions of Egs. T, 11, end 12 in which the resonance integral term, (r1) 12
hes been omitted. Values slong the a.'bscissa of the curves have been divided by
ete so that the poison fraction is-expressed as fission product absorptions per
neutron born.

5.6 Fission Product Resonsnce Absorptions Included in Poison Fraction Calculations

A second set of curves, Fig. 5.2, was constructed from the solutions of
Egs. T, 11, and 12 to reflect the influence of fission product resonance ab-
sorptions on thé poison fractidn. Resonance integrels of the individusl fission
products given in Teble 5;1 were used. At thg same velues qf Tl end Tl a the

O
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effect of including the resonance a‘bsorp'bions is to a.pprecia.bly increase the
Poison fraction over its value when the fission products were considered to be
l/v absorbers. ‘A comparison of Figs. 5.1 and 5.2 shows ‘that for comparable
cycle times the inclusion of resonance absorptions increases the polson fraction
by & factor of 2 5 3.

-Velues along the abscissa of Fig. 5.2 have also been divided by eta in
order to express the poison fraction on & "per neutron born basis.

5.7 Use of Figs. j.l'aod 5.2

Figures 5.1 and 5.2 were used in optimizing the fuel cycle cost at & chosen
poison fraction. Along & line of constant poison fraction in these figures
several compatible valﬁes of T, end Tl g vere chosen, and the total fuel cycle
cost was calculated for each pailr of values, The oycle time, Tl’ influences the
fuel cycle cost through the capital investment in the processing plant; the fuel
salt discard cycle time, Tld’ reflects the replacement cost of the fuel carrier.
The calcula:bed fuel cycle costes were plotted as & funct:lon of the fuel salt dis-
card cycle tinme, m.l.d.’ (Section 6. 2.1) and the optimm cost and corresponding

cycle t:l.mes were determined. .
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6.0 PARAMETER STUDIES AND RESULTS

The equilibrium reactor was ‘studied to determine the effects of varietions

in certain reactor characteristics on the nuclear performance and economics of

the system. The investigated parameters were:

1. poison fraction in fuel stream

2. fertile stream cycle time

3. fertile stream volume

k., wvalue of resonance integrel of Pa=233

5.  wvealue of epithermal ﬁssion cross section of U=-233 .
6. eddition of ZrF, to stebilize fuel salt

Thelazst three items perheps are not rightly classified es parémeter’s since they
are not independent cha.ra.cteristics. However in the cases of the resonence in-
tegral e.nd the epithermal fission cross section, the renges of uncertainty in
measured values ere sufficiently brozd to have significant effects on reactor
performance. Item 6 was introduced because recent fuel salt studies ha.ve in- ’
dica.ted. e need for Zth to inhibit oxide precipitation of fuel atoms.

The two major parameters in this study were the fuel stream poison fraction

‘and the fertile stream cycle time. The remaining four items were examined for

veriations in these two major pa.ra.meters. The studies were made on the equilib-
rium state of the reactor described in Section 2.0 using the ERC~5 c:oc‘iel0 for
the IBM-TO4. However, in making the calculations for several values of epithermal

fission cross sections of U-233 (Item 5), it vas necessary to establish nevw

‘ critica.l conditions for the reactor using the GNU co¢:3.e8 before the ERC-5 calcu~

lations could be made.

Reactor properties that were held constant during the parametric stud.y
were the fuel stream volume (530.2 ft3) and station power (2364 Mwt). The
effective carbon-to-ure.nium retio was calculated for each equilibrium reactor
and varied only slightly from case to case because of slightly different equi-
librium conditions. ‘The range of C:U ratios for all of the celculations was '

- 5020 to 5230. . These values are the ectusl C:U ratio divided b_y the thermal

energy‘di‘sa.dvantage factor (0.879) for carbon in the core. The variation from -
case to case was caused by small changes in the volume fraction of fertile stream
in the core for chenges in fuel stream poison fraction and fertile stream cycle
time.

-

o/



In the equilibrium caleculetions it was -assumed that the absorption and
fission rate coefficlents. were not appreciably affected by small cha.mges -in con-
centrations (~ 10%) in importent elements such as U-233, U-235 and fissium, and
by much larger- chenges (~ 1000%) in minor elements such as U-234, Pa-233, Xe,
etc.. In ceses in vhich the equilibrium calculations sigmificently changed the
concentration to the extent that the ree,ction re.te coefficients might no longer
epply, it was necessary to repeat the COrnpone unit cell and finite reactor calcu-
lations with new concentrations to develop new sets of reaction rate coefficients
(see: Fig. 4.1). '

Several items in the neutron balence were specified for all of the paremetric
studies. These were the neutron losses to corrosion products,” delayed neutrons,
leskage and fuel processing. The values adopted for these"quantitie’s were re=-
spectively O. 0008, 0.0043, 0. 0016, and O 0022 neutrons lost per neutron sbsorbed
in fuel. . . RE -

Corrosion product losses were estimaf'ed”from the equilibrium ccncentration
of corrosion products of INOR-8. Delayed neutrons were calculated by the method
of Walker.]':.8 Leekage losses were estimated from design considerations; it was
felt that this number would be small because of the emall emount of fissioning

in the blanket. Fuel processing losses were discussed ebove in Section 3.6.

6.1 , Results of Equilibrium Reactor Calculations

Pertinent che.racteristics of the MSER on which equilibrium ce.lculations
were: made ere listed in Teble 6.l. '

-~ Representative results of the equilibrium reactor calculations are given
in Tables 6.2 and 6.3 in the Appendix. These results include the equilibrium
a.tomic concentrations of- major isotopes in the tuel end fertile’ streems, &
neutron balance for the system, ‘the contri'bution of individual items to the
fuel cycle cost ; the’ volume fraction of fertile stream in the core ‘for the
Just: critical reactor, and seversl items of less significance such as the’ frac-
tions of each stream sold as product end the fraction of total fiesions occurring
in the fertile strea.m. :
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Teble 6.1. Characteristics of MSER -

"‘-Therm"a‘pr“'owre'r,-Mﬁt e o _ e S 23&

No. reactors in station -~ - B

' Thermodynemic efficiency =~ - T e o.k23

-~ Fuel stream volume per reactor, fb3 AR - ., ¥ AR

* Fertile stream volume per reactor, i‘t3 Ll o - 3000

' Volume fraction fuel stresm in core = 06
Volume fraction fuel streem in end blanket 0.16

- Volume frection fertile stream in silde bla.nket _ o 090

- Volume fraction fertile stream in end blanket 0T

Volume fraction graphite in side blemket .~ - - - 010
Volume fraction grephite in end blanket - . 0.10 . .-
Fuel stream holdup time in reprocessing, days 1
Fertile stream holdup time in reprocessing, _days ) 1

The option used to achieve criticality in the ERC-5 calculations was the
varistion of the volume fraction of fertile stream in the core. Since the
volume fraction of fuel stream was fixed st 0.16, the eddition or subtraction
of fertile stream was made at the expense of removing or adding moderator. ’ A
00nsequently the c:u rat:l.o in the core varied slightly from case to case. How;- v
ever these sma.ll va.riat:l.ons in C.U ratio did not significantly affect the neutron
spectrum

6.1.1 Fuel Cycle Times

The fuel stream cycle times repo:rted in Tables 6.2 a.nd. 6 3 are the. optimized
cycle times. . Each time has been so chosen that it.reflects the most economic -
raete for the chemical process:l.qg for the chosen velues of poison fraction and.
fertile strea.m cycle time. The fuel salt discard cycle time has also been
optimized.. ’

In thesge two tebles the results are for reactor systems in which the fission
product resonasnce sbsorptions were included in the poisen fraction celculation.
Results of celeulations in which fission products were assumed to be 1/v absorbers
are not included because these are just optimistic special cases of the resonance
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a.‘dsorp‘t:ion calculations. For the resonence ebsorption cases the fuel stream
cycle time and fuel salt discard times are respectively in the ranges.12-84 deys
end lk5-l550'days,for rpoislon fractions from 0.02 - 0.065 neutrons ebsorbed in
fission products per neutron ebsorbed in fuel. For the 1/v sbsorption cases,
the corresponding cycle times ere in the ranges 12.5-735 deys end 400-8100 days
for poison fractions from 0.0l1 - 0.065.

The procedure for determining the optimnn fuel cycle times was referred to
ebove in Section 5.7 s.nd 18 discussed further in Section 6. 2.

6.1.2 Neutron Balence. -

Resonance Absorptien Ceses. A portion of each of Tebles 6.2 and 6.3 shows
the distribution of neutron ebsorptions in the reactor. Examining the neutron
balance of Table 6.2 for increasing poison fraction, one finds thet losses to
 protactinium fall ebout 10¢ partly because the Pa-233 concentration decreases

sbout 7% due to decreasing breeding retio. The decrease in losses to Pa is also
partly due to & decrease in the volume fraction: Of fertile stream in the core by
‘ebout T%. This is significant beceuse sbout 60% of the captures in Fa-233 occurs
in the core. A similer effect is observed for the tabulations of Teble 6.3 for
- other fertile stream cycle times. ‘ ‘

“Concun"entljr peutron losses to ‘samarium and other fission products increase

by ebout 0.045 peutrons. This is more than half of the breeding gein and results
in more than one-half the rroduction of excess fuel. The longer cycle times at
the higher poison fractions effect less purging of higher uranium isotopes. The
~ consequent build-up of U-235 causes & decrease in the mean 1 of the v'sy'stexﬁ by
ebout 0.004. 'Neutron losses to U-236 and Np-237 increase’ about 1. 5-fold end -
1o-fold, respectively, or by a‘bout 0 006 and 0.002 neutrons. - = - '

ij Absorption Cases. 'I‘he neutrcn ba.la.nces for these calculations ere not
presented in this memorandum 'because they are ot‘ limited interest. Si.nce ‘the
range of poison fractions (0.0l1 = 0.065) is greater than that covered in the -
resonance a.bserptiorf cases, more varletions might be expected in the elementel

ebsorptions. The explanation of the trends, however, is the same as given ebove.
For ei:ample, ~Pa=233 ebsorptions decrease ebout 14¢ over the range of poison
fractions because its concentration decreases sbout T4, and the volume fraction
of fertile stream in the core decreases ebout 13%.



Losses to samarium and other fission products increases by 0.054% neutrons
consuming about T0% of the breeding gain. Higher isotopes of uranium build up
because of slower processing rates at the higher poison fractions with the ac-
companying decrease -(~ 0.005) in the mean value of 1. Neutron absorptions by
U-236 and Np-237 increase by ebout 0.00% and 0.005. B SR

6.1.3 System Inventory

The inventory of i‘issiona.ble materia.ls ’ which includ.es U-233, U-235, and
Pg-233, for the equilibrium reactors is presented 1n Fig 6.1; a detailed break-
down of the inventory is given in Tebles 6.2 - 6.3. For both resonance ebsorption
and l/v absorption cases the inventory does not change very fast with poison
fraction over most of the renge of poison fractions.. _However, at low values of
the poison fraction a sharp upturn in the inventory is observed. This occurs
because of the increased holdup in the chemical processing plant at these fast

processing rates. The proccessing rate for the resonance absori:tion caées et
& poison fraction of 0.02 is about equal to the rate for the l/v a.bsorption cases
at & poison fraction of 0.011.

The largest effect on fissiona'ble inventory is observed for the variation in -
fertile stream cycle time. As the fertile stream cycle ‘time increases from 354-200
days, the totel fissionable inventory increases“about 50%, or from around.360 to

1240 kg. The increase is attributed almost_entirely to increase of U-233 inventory

in the fertile stream irhich rises over 5-fold.. Ure.nium-233 inventory in the fuel
stream decreases sbout 6%; concurrently the U-235 inventory increases about 7%

Increased fissioning in the blanket at the longer cycle times eauses_the‘_critical‘r .
mass of U-233 in the core to decrease. However since the breeding gain also de- .

creases for increasing fertile stream cycle time at constant polson frat:tion, o
the purge rate of U-235 becomes smaller because less U=-235 is routed to sales H
hence the U-235 inventory in the core builds up. S

The thorium inventory for this series of ca.lcula.tions was maintained. consta.nt
at 270 tonnes.

- ‘Protactinium~233 inventory is not very sensitive to changes in poison fraction
or fertile stream cycle time. Since Pa-233 is not-renoved from the system in the
fluoride volatility process, it builds up until its decay rate is exactly equal to
the U-233 production rate, Therefore the Pa-233 ‘inventory will change'in direct
-proportion to the breeding ratio. For this system the inventory is in the ra.nge
100-110 kg. | | ' |

(‘\
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6.1l Fuel’CycleVCost

A breakdown of the fuel cycle costs for representative‘cases is given in
Tables 6.2 and 6.3, These costs were calculated using the basic cost data given
kin Table 341

The 1argest single contribution to the fuel cycle cost is the charge for
the fuel processing plant which contributes up to hO of the total cost. At
,the faster blanket processing rates, the fertile stream processing plant cost
also becomes & significant part of the total cost, gt a 35-day blanket cycle
jtim.e about 30% of the cost may derive from fertile stream processing

Tbtal inventory charges on fissionable materials, thorium, fuel carrier and
thorium carrier account for 4o = 55% of the fuel cycle cost. Individually, the
thorium carrier‘(~ 200 tonnes) contributes most to the inventory charges, from
15 = 20% of the fuel cycle cost; fissionsble inventory contributes about 7 = 13%; .
- thorium inventory contributes 12 - 16¢; and fuel carrier inventory contributes
the least, only from 1.5 = 2.5%.. B

Thorium amortization and thorium carrier replacementvcharges, vhich are
famortized at 2, 6%, are not en appreciable portion of the fuel cycle cost, being
only 2 = 4% of the total. On the other hand, fuel carrier replacement charges
~“become alsignificant factor especially at the lower values of poison fraction :

because of the high salt discard rate. At very high poison fractions (0.065),
this contribution is only about 4% of the totel fuel cycle cost; whereas,fat low
poison fractions es much as 25% of the cost is due to salt discard. o

Breeding credit is an item of the fuel cycle cost that is directly proportional
'toithe breeding gain and fissionable inventory. The high fuel yield reactors
(6.8%/year) have breeding credits of sbout 0.13 mills/kuhr; in the very highly
poisoned reactors (fuel yield G’l%/year),'the breeding credit-is only about
0.0k mills/kwhr. Although allowing the fertile stream cycle time to increase
- from 35 to 200 days lowers the breeding credit through increasing ‘the fissionable
»inventory, the effect is not so pronounced as that caused by ‘allowing the poison
- fraction to increase. ' ' | o

6. 2 Poison Fraction Studies in Which Fission Product Resonance Absorptions are -
Included

, A series of equilibrium reactor calculations was made for & range of fuel
»‘stream poison fractions from 0.02 - 0.065 neutrons absorbed in fission products
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- per neutron ebsorbed in 'fuel. This range of poison fractions was applied to
fertile stream cycle time paremeters of 35, 50, 75, 100, 150 and 200 days. The

. renge of poison fra.ctions was established after & few preliminary calculations

to’include reactors with quite favorable breeding potentia.l as well as those

the.t are ‘approximately "hold-ymir-om" systems. Poison fractions lower then

0.02 were not considered because the required fast processing retes result in

high fuel cycle costs without eppreciable increese in breeding gain. At o poison
fraction of 0.065, ‘the MSER shows & small y positive breeding gein; at higher _ ‘
poison fractions it is doubtful if the system will breed.

These two parameters could very conveniently be tres.ted in the ERC=5 code
since they ere items of input data. The polson fraction as such does not appea.r
in EBC-5 input; however, the desired poisoning effect ‘can be obtained by using
- fictitious fission productconcentretions end fictitious reaction rate coefficients.
The net effect of additional poisons is to decrease the breeding gein and corr-
sponding breeding credit. For each combination of polson fraction end fertile
- stream cycle time the 'code celculated equilihriun etomic concentrations, in-
- ventories , neutron ebsorptions by elements, thorium concentration in the core

and processing rates.

6.2.1 Fuel Cycle Cost thimization

Ihe fuel cycle costs vere optimized. for each value of the fuel strea.m

v poison fraction and each value of the fertile stresm cycle time. - For each com-
bination of these two parameters the fuel stream processing cycle which gs,ue :

the lovest total fuel cycle cost was determined . The procedure is discussed |

'below. : ‘ ‘ ‘

5 mel Yield Versus Poison Fraction. Fuel yields ca.lcula.ted for the equilib-:
, rium reactor vere plotted as e function of the poison fraction (Fig. 6.2).

: .nearly linear relstionship indicates that the fuel yield is inversely Ppropor=-
tional to the poison frection. The plots begin to curve in the region of low

| jpoison fraction because the required fast chemicel processing rates begin sig- o
, : ‘nificantly to increase the fissionable inventory through holdup in fuel proc-

s essing. The result is & lowering of the fuel yield. The effect of increa.sing
fertile stream cycle time is to decrease the fuel yield for a given polson
fraction. This occurs because of increased fissioning in the fertile stream and
the accompanying increase in fission product concentration plus an inventory

increase .
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Fuel Salt Discard 'I‘ime s.ss. Function of Fuel Cycle Cost. As discussed
in Section 5.0, each va.lue of the fuel streem poison fraction can be attained
by operating the reactor at several values of fuel stream cycle time and fuel
sélt discard cycle time, and there is some comblnation of these times for which
the fuel cycle cost is & minimm. For each selected value of the ‘fuel stream

‘poison fraction, several pairs of compatible \falues of these two cycle times

were chosen from Fig. 5.2, and the totel fuel cycle cost was calculsted for each :
peir of values. The fuel cycle time determined the capital investment in the
processing_plant; the fuel salt discerd cycle time determined the replacement
charges for the fuel saelt. A plot of fuel salt discard cycle time versus fuel
cycle cost at constant poison fraction gave the curves exhibited in Fig. 6.3.

The minimum of each curve represents the point of most economic operastion; the
corresponding fuel cycle cost end fuel galt discard cycle time are reed directly.
When the optimum fuel salt discerd cycle time is entered into Fig. 5.2, the
optimum mel stream cycle time. is found._ '

0ptimum values of the fuel cycle cost, fuel strean cycle time and fuel salt
discard cycle time are given in Tables 6.2 a.nd 6 3.

6 2.2 Economic Performance

'me optimized fuel cycle costs ‘obtained 'by the ebove procedure ha.ve been
plotted as & function of the fuel yield in Fig. 6.4. The curves have been calcu-
lated for & plant operating 80% of the time. The most favorable fuel ylelds are
obta.ined et the shortest fertile stream cycle time; however, the corresponding
fuel cycle costs are. high. Likewise the fuel stream must be processed at a .
relatively fast rate as indicated 'by the lower vaelues of the poison fraction.
Fuel ylelds of the order of 7%/yr can be a.tte.ined a.t a mel cycle cost of around

1.7 mills/kwhr.

In the lower ra.nge of i‘uel yields it ‘&appears that fuel cycle costs of O. 75
to 0.80 mills/kwhr can be attained at fuel yields of 1 to 2%/yr. These conditions
require i‘ertile‘ stream cycle times of 150 - 200 days. The curves could have been
extended in the lower regions of fuel yields by performing calculations at higher
values of the poison fraction, however, uncertainties in 'ba.sic data, e.g., cross
sections and resonance integrels, would lend doubt as to vhether such a system |
would heve a positive breeding gein,
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' In this series of calculations fuel stream cycle times ranged from 12 -84
days, and fuel salt discard cycle times ranged from 1h5 - 1550 days for the case
‘thet fall on the envelope of the curves. R

The dashed envelope curve has been drawn to indicate the estimated maximum
) performance of this reactor. It might be possible to extend the envelope of the
) family of curves out this far by modifications in the C:U ratio in the core and

by optimizing the fertile stream cycle time. These refinements to the calculations

were not made in this study; nevertheless, it is.believed that the,chosen C:U retio
is near the optimum. ‘ ' ‘

Along a line of constant fertile stream cycle time, the fuel cycle cost drops
bbyrather sharply from its maximum value principally because of decreased charges on
the fuel stream processing plant at the longer fuel stream cycle times and lower:

fuel salt replacement: charges for the longer salt discard cycle time. During this

‘initial drop in fuel cycle cost, the breeding credit is also decreasing, but the
initial loss of breeding credit is far overridden by the savings on the processing

plant and fuel salt replacement mentioned above. Consequently the initial drop in .

fuel yield is not as fast as for the fuel cycle cost. Eventually, though, as the

5 Processing time becomes long (increasing poison fraction) the savings on the Proc-'
. essing plant and fuel salt discard are not so effective in lowering the fuel cycle'

‘cost and the rate of decline decreases. Meanwhile decreasing breeding gain aec-
celerates the loss in fuel yield. Ultimately et higher poison fractions than}l
shown on the graph, a complete loss ofubreeding gain would necessitate rising
‘vfuel cycle cost because fuel would have to be purchesed. ' '

Along a line of constant poison fraction in Fig. 6.4, the fuel cycle cost
is‘affected principally by changes in capitalrcharges on the fertile stream proc-
 essing plant and in fissionsble inventory in the fertile stream. 'The contribution
of the fertile stream processing plent to the fuel cycle cost decreases vith in- -
creasing cycle time while the inventory charges increase. Initially'the savings

~on ‘the processing plant overwveigh the increased inventory charges resulting in
4a net 1owering of the totel fuel cycle cost. At the long cycle times, however,
: the inventory charges overbalance the lower plent costs and ‘the fuel cycle cost
: reaches a minimum and begins to rise. '

" The decrease in fuel yield along 8 1ine of constant poison fraction is not-
lerge and is due primerily to increasing inventory of fissionable material in the
systen. There is also the adverse effect that higher U-235 concentrations at the
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1ilonger fertlle stream cycle times have on the mean va.lue of 1 - ean effect that
lowers the fuel yield through lower breeding gein.

6.3 ‘Poison Fraction Studies in which Fission Products were Considered to be
- 1/v Absorbers o

" A series of equilibrium reactor calculations was mede for & renge of fuel
_stream poison fra.ctions from 0.0ll ~ 0.065 neutrons ebsorbed in fission products
per neutron absorbed in fuel. This ra.nge of polson fra.ctionsbwas applied to
- fertile stream cycle time parameters of 35, 50, 75, 100, 150, and' 200 days and -
is broader than that considered in Section 6.2 for the resonance absorption cases.
When fission products are treated as l/v e'bsorbers, the poisoning effect is not
‘as great as when the resonance gbsorptions are included, end it is therefore
poseible to extend the range of calculetions to lower poison frections before
intolerably short fuel stream cycle times are reached.

The equilibrium celculetions vere made using the ERC-5 code for the IBM-TOk
by verying the fertile stream cycle time s.nd by using fictitious fissium concen-
trations and reaction rate coefficients es mentioned in Section 6.2. These calcu~-
lations were performed et the beginning of this thorium breeder study before a '
compiletion of resonance integral: dete beceme availeble ’ end it appeared that
treating the fission products es l/v ebsorbers was the best approach to the
problem. Therefore » the results reported below should be considered as an
optimistic upper limit to the ‘fuel yield end an optimistic lower limit to the
fuel cycle cost.

63.1 Ecanomic Performance' | r» o ' A' SRy

The optimized fuel cycle costs obta.ined by the above procedure are plotted ‘
‘a5 & function of the fuel yield in Fig. 6. D¢ These fuel cycle costs and fuel
yields should. be regarded as ‘rether optimistic ‘values since considerable neutron B
_economy resulted from the e.ssumption that the fission products behaved as l/v
-@bsorbere. ' Consequently it is 'believed that these curves represent e lower
bound to the MSER fuel cycle costs; more rea.listic performe.nce is that repre-
sented by Fig 6.4 in which the best availe,ble resonance - a.'bsorption data were
included. ’ '

For the conditions of Fig. 6.5, fuel yields as high as about 8%/yr at &
“fuel cycle cost of ebout 1.3 mills/kwhr vere obteined; e minimum fuel cycle
cost of about 0.68 mills/kwhr vwas obtained at ebout h%/yr fuel yield. - The
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curves rise linearly after attaining their minima because of the .influence of

the constant charge for the 'b’atch fuel stream processing plant. Batch operation
becomes effective in the region of fuel ylelds of 5 = 6%/yr et poison fractions .
of 0 025-=- 0.03. ‘

'l‘he behavior of ‘the curves for va.riations in poison fraction and fertile
streanm cycle time can be explained by ‘the seme comments made a'bove in Section =
6.2.2 and will not be repea.ted here. \ ' ‘ ‘

6.4 Effect on Reactor Performance of Varying Thorium Inventory

In order to study the breeding performance of the MSBR over a wide range of
operating conditions ) the thorium inventory was va.ried in the range lOO %00 tonnes -

. in & few representative ca.lculations for which the fertile stream cycle time was '

e

35 days, the mel stream cycle time was 20 ds,ys, and the :fuel salt discard time
was lOOO days.: The thorium inventory vas varied 'by e.d,justing the fertile stream
volume in the ra.nge 2000 9000 i't3 per station. This particular series of calcu-
lations was made at an early stage of the study, and the combination of cycle times
is not optimum with respect to fuel cycle costs at the ve.rious fuel ylelds. How=-
ever, ‘the dependency of fuel yield and cost’ on: thorium inventory is only weakly
e.ffected, 1f at all, ) by choice of cycle times. Iherefore the behavior exhibited
by the selected cases is typical a.nd ms.y be used a.s a guide in selecting thorium
inventories. The important results of these calculations are given in Table 6.k.

: Table 6 1& Dependency of Fuel Yield and Fuel Cycle Cost on
E 'l'horium Imrentory in a. Molten Sa.lt Breeder Reactor o

Thorium Inventory -.- Relative ‘Fuel Yield . - . Relative Fuel Cycle Cost -
(tonnes) ' o 3 . ~ . '
100 S 10 T 10
o S 1.2 1.8
a8o o 1.3 S .09
27°":,:_3’ AR 10 T D SR Lo 1.20

‘40O~ ’;1r, = e 'il.h“ el L e .'1.39 :
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As the~thorium~inventory‘increases, losses to'Pa-233'decrease; and there
are gains in respect to mean eta and U-236 absorptions. Breeding gain increases,
but at a decreasing rate. Meanwhile fuel inventory in the fertile stream rises.
As g result, fuel yield rises rapidly at first, and‘then more slowly as the in-
fluence of increasing inventory overrides that of breeding gain. The cost in-
creases steadily, however, being driven upward by increased charges for thorium
and uranium. The fuel yield reaches a point of negligible improvement at 270 .
tonnes of thorium, and this thorium inventory was used for further studies re-
ported above in Sections 6.1 - 6.3. ' o '

One hundred tonnes of thorium is not sufficient to £ill the blenket of the
reactor used in this study when the blanket thickness is 3 ft. In the corre-
sponding calculations, no adjustment was made for the greater leakage that would
result from a thinner blenket. Thus for the case in the above tebulation, the
fuel yield should be less and the fuel cycle cost higher than calculated. " Ac-
cordingly the 140-tonne case was selected as a representative low-thorium case
for further study. ' e

Fbr the lho-tonne thorium fertile stream, a series of calculations was made
to optimize the fuel cycle cost end the fuel yield at a representative fertile
stream cycle time (50 days) A comparison between these results and those of
the corresponding 270-tonne thorium case are presented in Table 6 5.

The results of Table 6. 5 were obtained for optimized fuel stream cycle
times and fuel salt discard times, and in &1l calculations the resonance ab-
sorptions of fission products were included in the poison fraction calculatiOns.
The two cycle times are longest for the low fuel ylelds and shortest for the
high yield cases. Although some slight trend with fuel stream cycle time is
observed, -the rule can be formilated that doubling the thorium inventory adds
about 1. 9%/yr to the fuel yield and about 0.2 mills/kvhr to ‘the fuel" cycle cost
regardless of the fuel stream cycle times.

The performance of the MSBR containing 1ho tonnes and 270 tonnes of thorium
is graphed in Fig. 6.6. The solid curve which is drawn through the calculated
points is the envelope curve of Fig. 6.4. The dashed curve is an estimated curve,
based on the few 140-tonne thorium cases, for. the maximum performance of the MSBR .
at this low thorium inventory. The solid outer curve was'then drawn to indicate the
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Teble 6.5. Molten Salt Breeder Reactor -

Dependency of Fuel Yield end Fuel Cycle Cost on Thorium Inventory
with 50-Day Fertile Streanm Processing and Optimized Fu.el Stream
Process:l.ng Cycle T:Lmes

Thorium Inventory, tonnes

270 140 270 140

Fuel Yield, %/yr Diff. Fuel Cycle Cost, mills/kwhr  Diff.
2.0 0.3 1.7 | 085 0.63 0.22
2.5 0.7 1.8 ‘ 0.8% 0.63 0.21
3i6 1.7 1.9 | | 0.87 . 0.66 - 0.21
516 2.7 1.9 0,95 - 0.75  0.20
5:6 2.7 1.9 o 0.95 0.75 0.20

6.6 LT 19 LT 1.37 ~0.20

estimated 1imit of maximum performance of the MSER when the thorium inventory is
optimized with i'espest to fuel yield. The outer curve also assumes that a slight
improvement in the reactor cen be found by & slight varietion in the C:U ratio. -
The CiU ratio (~ 5000) in this reactor was not op‘bimized, but this value is be-
lieved to be near the optinm.m

The lho-tonne thorium cese is a.lso Plotted in Figs. 6.7 and 6.8 for optimized
fuel cycle times end for a range ‘of poison fractions from 0.011 = 0.065.

65 Effect of Value of 17-233 on MSER Performance

Uncertainty in the measured values of the epithermal fission cross sections
. of U=~233 cean cause'considefable variation in thé calcula:bed performance of the
MSER, depending on the set of cross section vs.lues that is used. This is the
case because approximately 30% of total fissions occurs at epithermal energles.
Reported epithemal values of n-233 apparently agree within a‘oout t 10% of an
‘average or "recommended" set of values.
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Several calculations for a representative opersting condition were made
using the GNU. end FRC-5 programs for the IBM-?Oh to determine the effect of
these 11 varia.tions. The plots of Figs. 6.7 and 6.8 show the effect for cases.
in vhich fission product resonance absorptions were included -and for cases con-
sldering fission products to be 1/v sbsorbers. There is considerable vaeriation
in the fuel yleld, as measured by the horisontsl distance between corresponding
points on the curves, between the freconnnended curve and the high and low epi-
thermal eta curves. 'I‘he deviation from the 'reconnnended.‘ ralue is t 2.5 to

t 3%/yr in fuel yield. In fact, using the more pessimistic velues of 7 makes
it difficult to attain fuel yields of as much as h%/yr even at fuel cycle costs
as high as 1.6 mills/kwhr.

On the other hand the choice of high or low epithermal 7-233 does not have
& strong influence on the fuel cycle cost. This effect is measured by the verti-
cel difference between corresponding points on the three curves. This difference
is epproximately ¥ 0.06 mills/kwar from the recommended curve.

The verious values of 1-233 are tabulated in Table 6.6.. The column headed
1(MIR) contains values from experiments performed at the Materlals Testing Reactor
end are the values recommended by I&Vestorh for ;use in this study. The colums
headed n(+ 10%) and n(- 10%) contein the extreme values used to obtain the two
curves of Figs. 6. T end 6.8 for comparison with the recommended velues. ~ Values
in all energy groups differ by 10% from the MTR velues except in group 31 where
the difference is only 5% and in groups 32 through 34 where the velues were not
chenged.  The other values headed n(RPI) are presented for comparison since these
are recent date from & study by,Ye_s.ter.l9 The RPI set of ve,lues are not thought
to be more relieble than the MIR values; however, in the energy ra.nge 30 ev -

1 kev the RPI date represent the only measurements that have been made.

6.6 Effect of Value of Pa=233 Resonance Integra.l on MSER Performance

A second nuclear constent ths.t is perhe.ps not known very accurately is the
value of the resonance integra.l of Pa-233. Figures of 600, 900, end 1200 barns
heve ‘been mentioned for the’ va.lue of this integra.l. As mentioned in Section 3.7,
e va.lue of 1200 barns vas chosen for this study. Eowever, in order to determine
vhet effect a lower va.lue of the resonance integra.l would have on rea.ctor per-
formance, several ca.lculations were made at representative opera.ting conditions
using & 900-barn resona.nce integra.l for compa.rison with the 1200-‘ba.rn cases. The
resulting curves for the reactor performa.nce are plotted in Fig 6. 7 and 6.8.
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- Teble 6.6. ‘Group-Averaged Eta Values of U-233

(RPT)

W
=

| 2'28 [

2.28

Group Energy (ev) n(-10%) . n(MTR) . ‘ n(+10%)
1 b x20° - 1 x 107 3.08 3.39 3.729 3.39
2 2x108 -k x10® 2.583 2.87 3451 2.87
3 1lx 105 -2 x 10° 2.421 2.69 2.959 2,69
4 3x10° - 1 x 10° 2.259 2.50 2,761 2.5
5 1x10° - 3 x 107 2,133 2.37 2.607 - 2.37
6 3 x 10“‘ -1x 10° 2,052 ~  2.28 2,508 2.28
7 1x10%-3x10" 2.025 . 2.25 2.475 2.25
8 3 x103 -1 x 10" 2.016 2.4 2.464 2.2k
9  1x103-3x10° 2.025 2.25 2.475 2.25
10 400 - 1000 | 1.9
1n 150 - 400 .72
12 100 - 150 1.78
13 9 - 100 1.54
1% 8o - 90 1.68
15 65 - 80 1.77
16 50 - 65 1.93
17 45 - 50 1.96
18 37 - L5 - 1.7
19 33 - 37 1 “1.97
20 30 - 33 f Y 1 2.06
21 25 - 30 1.94% 2.16 2.376 1.91
22 20 - 25 1.94k 2.16 2,376 1.93
23 17 - 20 - 1.94k 2.16 2.376 - 1.75
2l 13.5 - 17 "1.953 24T 2.387 1.88
25 10 - 13.5 1.953 247 2,387 2.06
26 7.5 - 10 2,052 2.28 2.508 1.91
21 5.5- T.5 1.863 2.07 2.277T. 1.96
28 y 5.5 - 1.962 2.18 2.398 1.99
29 2.5- 4 1845 2.05 2.255 1.96
30 14 - 2.5 1.79 1.9 2.101 2.07
3L 0.8 - 1.k 2.2 2.23 2,342 2.23
32 0.6 - 0.8 ' 2.29 2.29 2.29 - 2.29
33 thermal - 0.6 2.28 2.28 2.28 2.28
thermal - 2.28 2.28

G
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The improvement that the lower va.lne of the resonance integral makes in.
the MSER performance is hardly eppreciable. The fuel yield, measured by the
horizontal difference between corresponding points, is increased by perhaps
0. 25%/year, the fuel cycle cost ’ measured by the vertical difference, is lowered
by ebout O. 01 m:llls/kwhr The small effect on performance is understendsble
when it is considered that losses to Pa-233 account for only about 0. 5% of the

" neutrons born per mel absorption using the 1200-ba.rn resona.nce integral. How=-

ever of a.'l.l the neutron e.bsorptions in Pa-233, e.pproximately 80% occur &t epi-
thermal energies.

’J.‘he comparative 900-barn resonance.integrs.l calculations were performed
using the ERC-5 code with adjusted values of the reaction rate coefficients,
vhich are defined above in Section 4.k, The adjustment was made using output -
data from & Cornpone finite reactor ca.lculation giving the s.bsorp’cions in Pa-233
es a function of energy. The reaction rate coefﬁcients were ce.lculated sepa-
rately for the thermal absorptions end the epitherma.l absorptions s the epithermai
value being decreased by the ratio of the resonance integrals, i.e. ’ 900:1200,
The tvo values for the coef‘ficients were summed to ‘obtain the tota.l reaction rate
coefficient as shown 'by Eq 1k. ' ‘ T '

_ L : . 'A(Pa)th A(Pa) ( : .
C(Pa) in core = [—N-(E)_ Too0 >] (1)
S core
where
- C(Pe) = reaction rate coefficient of Ps.-233
A(Pa )th = neutrons ebsorbed by Pa-233 at thermal energy
. per neutron born in core »
A(Pa) ept = neutrons ebsorbed by Pa-233 at epitherms.l energies

per neutron born in core
N(Pa) = homogenized etomic concentration Pa-233 in core, atoms/cm

A similar expression was used to calculete C(Pa) for the blanket, and these
adjusted coefficients were used in the equilibrium reactor ealculat:_lons.

6.7 Effect on MSER Performance of Adding ZrF to Fuel Salt

Recent developments in fuel technology for the Molten Salt Reactor Experiment
(MSRE) have indicated that fuel stability is enhanced by the addition of nominel
amounts of ZrFq to the fuel salt. Zirconium acts es & "getter" for oxygen
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preventing the union of oxygen and urenium which results ‘in the precipitation
of uranium oxides. The inclusion of zirconium, however, adds an additional

neutron poison to the | systen.

‘The effect on breeding ratio and fuel 'y‘ield of adding 5 mole % ‘ZI‘Fq, to the
fuel salt was calculated for the ia.nges of values i‘epresentative of the MSER. |
The results 'a.ré plotted in F:Lg. 6.9. The curves show the per cent decrease in
breeding ratio and fuel yleld resulting from the eddition of Zqu, es & function
of these quentities for a reactor containing no ZrFq. As might be expected,
the detrimentel effect of the ZrFy4 is more pronounced for the reactors that have
initially poor breeding performance. In fact the steepness of the fuel yield -
curve‘ at fuel yields of the order of 2-3¢/yr ‘suggests that edding ZrFg¢ to a low
performance reactor can just sbout destroy its breeding potentiel.

The Zr-containihg salt used in the calculations had the composition of fuel
solution proposed for the MSRE: T70-23=5-1~1 mole % LiFéBng-ZrF4-ThF4-UF4.

In order to determine the effect of 5 mole % ZrFq4 on & representeative per,-'x‘
formance curve, the results of Fig. 6.9 were applied to equilibrium reactor cal-
culations for a fertile stream cycle time of 50 days. The results were optimized

according to fuel stréem cycle time and fuel salt discard time. The horizontal

difference between corresponding points in Fig. 6.10 shows that Zr deérea.ses the
fuel yield about 0.5%/yr; whereas, the fuel cycle cost;' measured by the vertical
difference, is almost negligibly affected. The effect on fuel cycle cost is
small because the effect shows up through the loss in breeding credit which is
not a large ﬁort:lon of the total fuel cycle cost.

O
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7.0 CONCLUSIONS

‘The molten salt reactor offers considerable promise as a breeder in the
Th~U cycle. The principal advantage of this system over other breeding systems,
which use thorium in the form of 'thevox:léle or metel, is in the simplified chemical
prooessing method.  The molten salt system is able to use the relatively simj:le ,
fluoride volatility process plus the HF dissolution process for urenium recovery
end decontemination; whereas, breeders which employ ThOz or thorium metal are, -
in the light of current technology, resigned to the more complicated a.nd €Xe-
pensive Thorex process. ‘

‘The MSER is capable of excess fuel yields up to T%/year when operating 80%
of the time. At this high yield, the fuel cycle cost 1s ebout 1.65 m:llls/kwhr.
At lower fuel yields the fuel cycle cost is considerably improved, dropping to
perheps 0.65 mills/kvhr for fuel yields of 1-2%/year. However, ylelds as low

‘as this constitute marginal operation beceuse uncerteinties in nuclear data

introduce uncertainties of about & per cent in fuel yield into the calculetions.
At & fuel yield of k%/yesr, the point &t which the income from sales just balances.
the snmial charge on fissioné.ble inventory, the fuel cycle cost is epproximately '
0.9 mills/kwhr.

The largest contribution to the fuel cycle cost is made by the fuel stream
processing plant which eccounts for ebout 419 of the cost &t the high Aprocessing
rates (high fuel yield) and ebout 30% of the cost at the low processing rates.
Another item that makes & major contribution to the cost at the high processing
rates is the fuel salt discard, e,ccounting for slightly more then 20% of the
tote.l, however at the low processing rates 9 sa.l'b disca,rd a.ccounts for only about
kg, ; | | R . _ | |

The fertile stream processing plent cost amouhts to only 12-15% of the total.
Thorium inventory for the 6000 %3 fertile stream amounts to 8-17% of the cost.
Since the thorium inventory -is constant (270 tonnes ), its cost is a larger por=
tion of the cost for those cases that have the most fevorsble fuel cycle costs.
The same is true for the thorium carrier which accounts for 10-22% of the fuel
cycle cost over the range of fuel yields from 7%/yr to 1%/yr.
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Fissionable inventory (including Pa-233) is '-onlyk slightly affected by the
processing rate of the fuel stream over most of the range of poison fractions
studied. . However, et the fast fuel stream cycle times.the holdup 'in the chemicai

processing plant begins to contribute importantly to the inventory. The principal -

fector increasing the inventory i1s the fertile stream cycle time. In going from-
& fertile stream cycle time:of 35 daye to 200 days, the fissionable inventory
increases from about 840 to 1280 kg. At the seme time, fertile stream fissions -
increase from 1.3% to 6.6% of the total fissions. The fissionable inventory:
accounts for about 15% of the fuel cycle cost at a fuel yield of 1. 5%/y-r and for
about 4% et a yield of 7%/yr. : o :

The breeding performa.nce of the molten: salt reactor is especially sensitive
to the value assigned to the epithermal fission cross section of U-233 since-
abeut 30% of the fissions occurs at epithermal energies o Eqnil:lbrium reactor
calculations for a 'representative ‘eet ‘of operating conditions indicate that the
fuel yield may vary as much as ¥ 2.5 to ¥ 3¢/yr for variations of * 10% in the
velue of the- epithermal cross sections of U-233 from the set used in these
caleculetions. '

The inclusion of 5 mole % ZrF¢ in the fuel salt to enhance sta‘bility de-‘ |
creases the fuel yield about 0.5%/year; however, the concurrent fuel cycle cost
is negligibly increased. The MSER elready suffers from having relatively high
neutron absorbers in the molten salt carriers s 85 cdmpared with graphite and
heavy water in other breeder reactors, and the ’add.ition of 'an&* other atom with
appreciable cross section can only lower the breeding performance. T

There are two ways of improving the breeding performance of the MSBR. These
are (l) determining the optimum C:U ratio and (2) increasing the thorium inventory
in the blanket. In regard to the C:U ratio, it is believed that the value of
approximately 5100 used in these calculations is near the ‘optimum and that only
& very slight improvement might be expected by changing the reactor composition. -
The most significant‘ improvement in the MSBR breeding performance can be made -
by increasing the thorium inventory in the fertile stream. In the blanket,:
Pa~-233 competes with thorium for neutrons; hence the losses to Pa-233 are in- =
versely proportional to the thorium concentration. However this improved breed-
ing performence comes at the expense of additional charges for thorium and fertile

o

&/
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salt inventory, and the net effect on the fuel cycle cost will be an increase.
Above & 270-tonne thorium inventory, which was used in this study, the increased
breeding credit is insufficient to offset increased thorium end fertile salt

‘inventory charges.

The molten salt reactor conceived for this study necessarily includes
some elements of design which are perhaps beyond current technology, é.g.’, leak=
proof graphite-to-metal joints end impérfvious graphite that permits minimum xenon *
ebsorption. " In chemicsl processing, further demonstration of the fluoride vola-
t11ity process end the HF dissolution process is necessary to supply a.déquaté
design information. . o R o
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. Table 6.2. Performance of a Molten Salt Breeder Reactor for Several Values

of Fission Product Poison Fraction.

Fertile stream cycle time (days)
Case No.
Poison fraction

Volume fraction fertile stream in core
Volume fraction graphite in core

Carbon: Uranium ratio in core

Fuel stresm cycle time (days) ,

Fuel salt discard cycle time (days)
Fraction of fuel stream sold as ‘product
Fraction of fertile stream sold as product

- Fraction of fission in fertile stream

~(h
Fuel stream composition (atoms/cm )(10'21*)(1 )
- U=-233 ‘ .
U=-234
U=235 -
U-236 -
Frasim(®)
88
Xe-l3m?
Carrier

Fertile strea.m composition (atoms/ 3)(10"2“)

Pa-233

-U=-233

U=-234

- U-235 -
Fioanm(®)
&n-lEl :
Sm~-149 S
Ca.rrier,(‘-") o

Note: See end of Table 6.3 for footnotes.

15

Fission Product Resona.nce

Absorptions Included in Calculations.

0.4012E-2

 DJLO12E-2

35
1 2 3

0.02 0.04 0.06
0.0T1 0.068 0.066
" 0.T69 0.772 0.775
5020 5040 5050
12 5 84

430 1550
" 0.0035 0.0104 . 0.009%
0.0182 0.0134 "~ 0.00T4
0.0139 0.0133 . 10,0126
0.88928-k 0.8855E-4 0.8812E-4
0.25L6E-4 0.26158<4 0.2729E=4
0.8749E-5 0.9266E-5 0.9863E-5
0.1069E=k 0.1278E-4 0.1575E=4
0.600LE-T 0.284TE-6 0.54T0E-6
0.1269E-9 0.1270E=-9 0.127LE-9-
0.2035E-1 : 0.2085E-l 0.2085E-1
0.4012E-2 .ucnan-a 0.4012E-2
0.1644E-5 0.1601E-5 0.1554E=5
0.1439E=5 0.1401E-5 0,1360E-5
0.1063E=T  0.103E-T 0.9590E-8
0.3444E-10 0.34shB=10 043444 E-10
0.1892E-5 . 0.1808E-5 0.1T18E~-5
0.3T16E-9 0.3631E-9 0.3539E-9
0.1063E=9 0.1041E=9 0.100L6E-9

0.4Q12E~2

-t

15
I 5 [

0.02 0.04 0.06
0.0704 0.0679 0.0653
0.770 0.772 0.775
5055 5065 5075

12 50 78

145 460 1700
0.0031 0.0089 0.0075
0.0245 0.0179 0.0097
0.0269 0.0257 0.0244
0.87T48E=I 0.8721E=-4 0.8689E-4
0.2554E-4 0.264TE=4 0.2750LE-L
" 0.8949E~5 0.9431E=5 0.99TTE=5

0.1156E=it 0.1354E-4 0.1637E=L
0.6431E-T 0.2961E-6 0.5332E-6
0.1270E-9 0.1270E-9 0.127T1E-9
0.2085E-1 - 0.2085E-1 0.2085E-1
0.4012E-2 0.4QL2E-2 . 0.4012E-2
0.1639E-5 0.1596E-5 0.1550E-5
0.3032E-5 0.2955E=-5 0.2871E-5
0.2711E-7 0.2584E-T 0.2451LE-T
0.3444E-10 0.3444E-10 0.344k4E-10
0.3658E-5 0.3491E=-5 0.3315E-5
0.T204E-9 0.7031E-9 0.68L4E-9
0.2062E-9 0.20L6E~9 0.1966E~-9
0.40L2E-2 0.4012E=2 0.4012E-2
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Table 6.2 - cont'd

" Neutrons absorbed by listed element : : , : S SR ,
per neutron absorbed in fuel : ‘ R B L R T s e e e Y T
“Th : : : : 0.9971 - 0.9703 v 0.9410 .+ - 0.9936 v 0.9872 .. . 0.9387 .. -
Ta fissions - 0.0019 ©0.0018 0.0018 - - 000019 v 0.0008 0T .0,0018 -
Pa-233 x 2 0.0119 0.0113- 0.0007 - 0,0118 - 70,0113 L e 0.010T
U-233 : 0.9168 - 0.9119 -0.9063 0.9L49 10,9013 Tl 049052
U234 0.0892 0.0927 . 0,0966 - L 040906 . 0,0938 . 0.09Th
U-235 : 0.0832 0.0881 _ 0.0937 040881 0.089T . L 040948
U-236 0.0108 0.0129 : 0.0058 - - 0.0115 . 0.0036 0. 0.0L64
. Np-237 ‘ T 0.0002 0.0011 0.002L° . 0.0003 .Sl 10,0012 . - 0.0021
Xe-135(0) : 0.0050 0.0050 70,0050 © 040050 . 040050 1 ©0.0050 -
Sm=151 + Smelk9 0.000L 0.000L . - 0s000L - 0.0002 . . 0,0002 o 0,0002
Fissium , 0.0207 , 0.0407 - 0.060T - C0.02L4 i 0.0kl i 0.0613-
Carbon - - 0.0286 0.0287. 0.0288 ~  0.0286 .. - 0,0287 - 0,028
Fuel carri?a(ig' 0.0302 0.0302 - 0.030% - 0.0302:-: - 0.0302 - . o.030L |
Th carrier‘™’ 0.0200 0.0196 CQL0LGL - 1 0.0200 040200 - 0,02000
Corrosion products 0.0008 0.0008 + '0.0008 .. 0.0008 v 0.0008 o.oooa,\g ‘
Delayed neutrons - _ 0.0043 0.00k3 - 0.0043 - 04003 e ot 0.00W3 T 040043
Leakage B , - 0.0016 - : 0,006 - ~ - 0,006 © - 0,0006 -l 0.,00L6 . - 0,006 " "
Fuel processing - - . 0.0022 0.0022 - . 0.0022 L .0,0022 0T 0.0022. 00,0022 v

Neutrons born per fuel sbsorption (me) 2.2136 2.2i22 . 2.2106 ., . 22136 2.8 2.2103
Net breeding ratio e 1.0753 1.0519 1.0274 0 1.0733 0 10500 - 1.0259




Table 6.2 ~ cont'd

‘Case No. i ' o 1 S 2 3 BN S ‘ S5 6
Inventory per station (kg) . _ = » ‘ S o _
T2 in fertile stream : ‘ 263,000 263,000 263,000 - 263,000 263,000 263,000
Th in processing ‘ - 7500 . 1500 7500 3500 3500 3200
Total Thorium ‘ 270, 500 270, 500 270,500 266,500 266,500 266,500
. U-233 in fertile stream . . T 946 92.2 89.5° 199 194 . 189
" Pa-233 in fertile stream = 108 105 102 108 105 102
.U-233 in fertile stream processing 2.7 - 2.6: ' 2.6 U 2.7 2.6 2.5
"U~233 in fuel stream, in reactor 196 : 195 195 . 193: 192 : , 192
U-235 in fuel stream in reactor(e) . 19.5° 206" 21.9 19.9 21 22.2-
U-233 in external fuel circuit : 27h 273 o L269 268 287
U-235 in external fuel circuit 27.2 " 28.8 30.6 27.8 . 29.3 31.0
U-233 in Niel processing k3.1 10.1 6.1 L2 10.1 6.5
' U-235 in fuel processing . k.3 1.1 0.7 L. 1.1 0.7
[U=233-in fuel reserve : 8.4 ' 67T . 66.9 67.0 66.4 65.8 .
. ., U=235 in fuel reserve : 6T 7.1.‘ 7.5 - 6.9 7.2 7.6
" U-233 .+ U-235 in fuel dump tenks 5,67 ( 51..8 51.0 5.1 . BL.2
 Total ﬁ.ssiona.ble inventory ‘ s 896.1 85&.9 845,6 991.1 9u4T.8 937.5
Fuel sa.lt (mel excluded.) ‘ . 31,500 30,000 29, 500 29,700 29,430
" Blanket sa.lt ('th ‘excluded) 201,000 201,000 201,000 19é,000 198,000 198,000
Doubling time (fu]_l pover yea.rs) C1LT 162 30.3 13.3 18.3 355

Fuel yield at 80% Plant factor (#fyesr) = 6.8 b9 2.6 6.0 bk 2.3

-6 -



Table 6.2 - cont'd -

Case No. - . s ‘ 1 L2 3 , R : 5 -6
Fuel cycle cost (mills/kwhr) ' : , , L R
Uranium inventory - 0.076 0.073 0.072 = . 0.085 - 0.081 0.080
 Thorium inventory , 0.132 0.132 - © 0.132 S 0.130 0 - 0.130 0.130
Fuel salt inventory , 0.023 0.022 0.022 0.023 , 0.022 . 0.022
.Fertile salt inventory - 0.166 0.166° 0,166 0.164 0.16k i 0.164
Fuel processing plant - 0.654 0.265 . 0.207 0.650 - . 0.269 - 0.207
Blanket processing pJ(alfb 0.261 0.260 0.261 0.164 0.164 0164
Thorium smortization -0.030 0.030 0.030 0.030 /- 0.030 0.030 -
Fuel salt replacement 0.456 0.145 0.040 0.455 0.135 ~10.036
. Fertile salt replacement(€) 0.034 0.03h 0.03k 0.03k 0.03k - 0,034
Gross fuel cycle cost R .-1.832 1.128" 0.96% 1.735 o 1.029 0.867
Breeding credit : .0.130 0.090 0.047 . 0.127 0,088 ~0.045°
Net fuel cycle cost 1,702 .038 0.917 1.608 0.9%1 0.822
_ Processing rates 3, SR ' ‘ T TR ' . o
Spent fuel }fl'. /day) Sl khy.2 1o.u : 6.3 B iy 2 10.6 S 6.8
-Thorium (kg/day) S 7500 - 7500 . 7500 v <3500 - 3500 . ~-3500
Thorium replacement . (kg/da.y) R ot 39.6 39.6. S 39,1 39.1 . 39.0
Fuel salt replacement (kg/day) ooar 8.9 18.9° - Llar: ooBlk5 1T
Excess fissile atoms produced.(kg/day) 0.208 O.Luk . 0.076 10,203 SR JS L5 X 0.072
Fertile stream load.ing, (gm<U-233 + Pa=233)/kg Th - 0.7T 0.75 0.73 1.2 1.1 A

- 2 -
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Table 6.3.

Fertile stream cycle time (days)
Case No.
Poison fraction

Volume fraction fertile stream in core
Volume fraction graphite in core
Carbon: Uranium ratio in core

Fuel stream cycle time (days)

Fuel salt discard cycle time (days)

. Fraction of fuel stream sold as product :

Fraction of fertile streem sold as product

Maction of ﬁ.ssions in fertile stresm

Fuel stream composition (atoms/cm3)(lo'2u )
U-233 ° : :
U=-234
U-235
U-236 .
Np-237
Fissi (a.)
Xe-135
Ca.rrier( )

I

Fertile stream composition (atoms/cm3)(lo'2u

Th ;
Pa-233 -
U-233 -
U-234
Pt (=)
< Fissium
Sm-lEl
Sm-149
Ca.rrier(d)_

y

it )

Performance of a Molten Salt Breeder Reactor for Several Values

of Fission Product Poison Fraction.

Fission Product

Resonance -Absorptions Included in Calculations.

o

100 200
T 8 9 10 1T 12
0.02 0.04 0.06 0.02 0.04 0.06
. 0,070 0.0678 0.0652 0.0698 0.06T3 0.06k7
0.770 . 0.TT2 0.775 0.770 0.773 0.775
- 5070 . 5090 5030 5140 50 2160
12 56 86 n.s - 50 S
150 - koo 1500 150 L5 1500
~ 0.0029 0.009L 0.007h4 0.0022 0.0062 0.0052
©0.02T7 0.0198 0.0107 0.0370 0.0259 0.0132
0.0348 0.0331 . 0.0315 0.0647 0.0617 0.0587
0.8663E-4 0.8639E-4 - 0.8614E-4 0.8346E-k 0.8340E-4 0.8334E-4
0.2575E-4 0.266TE-4 0.2763E=4 0.2634E-4 0.2T1L4E-4 042795E-4
0.905TE=5 - 0.9533E-5 " 0.1O04E-4 0.9368E-5 0.9781E-5 0.1021E-4
0.11.90E-} : 0.1403E-4 0.1675E=4 0.1327E-4 0.1531E-4 0.LTT9E=4 -
0.66TTE-T 0.3402E-6 .0.5936E-6 0.7327TE-T 0.3349E-6 0.6178E-6
0.12T0E-9 0.1271E-9 0.1271E-9 0.1270E-9 0.1271E-9 . 0.1272E-9 ,
0.2085E-1 " 0.20858-1 0.2035E-1 0.2085E-1 0.20858-1 0.2085E-1 .
0.4012E-2 0.4012E-2 0.4012E-2 0.4012E-2 0.4QL2E-2 0.4012E-2
0.1636E-5 0.1592E-5 0.1548E-5 0.1626E=5 0.1584E-5 0.1541E-5
0.4001E~5 0.3898E-5  0.3792E-5 0,TT03E=-5 0.75L5E=-5 0.7320E-5
0.3965E-T 0.3TT6E=T 0.3586E-T 0.1061E-6 0.1012E-6 0.9623E-7
0.344E-10 0.3444E-10 0.3444E=L0 0.3444E-10 0.3444E-10 0.3444E-10
0.4728E-5 0.4506E~5 0.4284E-5 0.8794E-5 '0.8390E-5 0.T986E-5
0.932TE-9 0.9096E-9 0.8859E-9 0.1T43E-8 0.1701E-8 0.1658E-8
0.2670E-9 0.2608E-9 0.2545E-9 - 0.4993E-9 0.4879E-9 . 0.4763E-9
0,.401L2E-2 0.4012E-2 0.4012E-2 0.4012E-2 0.4012E-2

0.4aL2E-2




Teble 6.3. - cont'd

Case No. = V " S 8 She 100 B 12
Neutrons absorbed by listed element - :
' per neutron absorbed in fuel

™ - 9915 0.9646 0.9370 0.9853 0.952 . 0.935

Th fissions . .0.0019 0.0018 - 0.0018 -’ . 0.0019 0.0018 - - 0.0018
. Pa-233 x 2 0.0118 © T o.0112 : 0.0106 . . - 0.0116 0.0111 © 70,0105
U-233. : . 0.9139 . 0.909% 0.9046 0,9109 . 0.907% " 0.9030
. B-23% . , _ 0.091% 0.0945 - 0.0979. . 0.0933 | 0.0963 - C0.0992
U-235 ' : : 0.0861 ' 0.0906 - - 0.095% : 0.0891 0.0929 : 0.0970 -
| U-236 ' . 0.0120 0.0L41 . o0.0168 . . 0.,0133 . . 0.0L54 ‘ 0.0179 .-
© Np-237 v : 10.0003. '0.0013 0.0023 0.0003 0.,0013 0.002%
Xe-l35(b) 0.0050 - . 0.00%0 . . 0.0050 . 0.0050° . 0.,0050 - 0.0050
Sme151 + Sm-149 : ‘ 0.0003 0.0003 0.0003 0.0006 0.0005 10.0005
Fissium 0.0218 0.0418 '0.0617 0.0234 - 0.0432 0.0631
Carbon : : 0.0286 0.0287 0.0288 0.0286 0.0287 0.0288
. Fuel carri r(i) ‘ 0.0302 0.0302 - 0.0301 0.0302 - 0.0302 0.030L
" Th carrier(ds1) . 0.0200 0.0195 =~ - "0,0191 0.0199 0.019k 0.0190 7.
Corrosion products : . 0.0008 0.0003 - . _0.0008 " 0.,0008 0.0008 . 0.0008
Delayed neutrons - - ) 0.0043 . 0.0043 _ 0.0043 - - 0.0043 0.0043 0.0043
‘Leakage , 0.0016 ' 0.0016 © . 0.0006 0.0016 . . 0.0016 0.0016
* Puel processing : 0.0022 . .0.,0022 ' 0,0022 - 0.0022 - 10,0022 © 0.0022
Neutrons born per fuel absorption (qe) ‘ . 2.2128 ' 2.2115 - 2.2100 2.2119 2,2207- . 2.2096.
1.0682 1.045L 1.0215

. Net breed.ing ra.tio - ' 1.0721 1.0487 1.0247
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Table 6.3. - cont'd

Case No. . T 8 = 9 10 11 ; 12

_Inventory per station (kg) . - . o e . .
Th in fertile stream. -~ . 263,000 263,000 263,000 263,000 263,000 263,000
Th in processing - 2600 - 2600 2600 ) 1300 1300 1300
Total thorium ‘ 265,600 265,600 265,600 264,300 26&,300 . 264,300
U-233 in fertile stream 263 256 249 507 Lok 481
Pa~-233 in fertile stresm .- 108 105 102 107 104 : 101
U-233 in fertile stream processing 2.6 - 2,6 . - 2.5 . 2.5 . 2.5 2.4
U-233 in fuel stream in reactor 191 » 191 190 184 184 o184 -
U-235 in fuel stream in reactor(¢) - .  20.1 2.2 22.3 20.8 21.8 22.7
U-233 in external fuel circuit 267 266 265 257 257 257 .
U-235 in external fuel circuit 28,1 - 29.5 . 1.2 29.0 30.3 31.7
U-233 in fuel processing 42.0. 8.y 5.8 ok 9.6 5.8°
U-235 in-fuel processing - . by o 1.0 0.7 - L7 R % R 0.7"
U-233 in fuel reserve © 6642 65.7" 65.1 _ 63.4 63.0 2.7
U-235 in fuel reserve-: _ 6.9 - T.3 - 7.6 T2 T4 T.7 '
U=233 + U«235 in fuel du.‘m;p tanks 50.6 50.7 0.9 49,1 49,3. kg5 N
Total. . fissionable imrentory S 1049.9 1005.0 992.1 1272.7 122k.0 1206 2. W
Fuel salt. (mel excluded) ' 31,500 29, 500 29, 500 . 31,400 29,600 29,400
Blanket salt (ThF, excluded) , 197,340 197,340 197,340 196,400 196,400 196,400

Doubling time (full power years : 14.3 20.3 39.5 . 18,3 26.6 : 55.0

Fuel yleld at 80% plant factor (%/yea.r) . 5.6 3.9 2.0 L.k 3.0 _ 1.5




Table 6.3. - cont'd

Case No. _ 7 8 9 10 11 : 12
Fuel cycle cost (mills/kwhr) , : , ) - '
Uranium inventory v 0.090 _ 0,086 0.085 0.109 . 0.105 0.103
Thorium inventory 0.130 0.130 0.130 . 0.129 0.129 0.129
Fuel -salt inventory e 0.023 0.022 10,022 0,023 0.022 0.021
. Pertile salt inventory 0.163 . 0,163 0.163 . 0.162 04162 0.162
Fuel processing plant : 0.641 0.250 S 04207 0.653 0.269 0.207
Blanket processing pJ(a.:}.t g 0.139 -+ -0.139 C 0,139 0.092 0,092 0.092
.. Thorium amortization 10.030 0.030 0.030 0.029- 0.029 - 0.029
Fuel salt replacement ( ) ; 0.440 - 0.155 : 0,042 - o439 0.140 0.0k1
Fertile salt replacement g 0.033 ' 0.033 0.033 ©0.033 0.033 0.033
Gross fuel cycle cost , 1.689 1.008 0.8 0 1. 669 0.981L _ 0.817
PBreeding credit - TR 0.125 0.08% 0.043 1 0.118 0.078 © 04037
Net fuel cycle cost 1,564 .92h 0.808 ©1.551 ‘ 0.903 0.780
Processing rates . o
Spent fuel }ft3/day) . k.2 9.5 6.2 1.9 10.6 - 6.3
Thorium (kg/day) 2600 2600 : 2600 1300 1300 1300
Thorium replacement (kg/day) 38.9 38.9 - 3849 - 38.8 38.7 38.7
Fuel salt replacement (kg/day) : 210 4.0 19.6 » 209 66.6 19.6
Excess fissile atoms produced (kg/day) 0.199 0.135 0.068 0.189 0.125 ‘ 0.060 -
Fertile stream loading, {enm U-233 + Pa-233)/kg T 1.k 1.k 1.3 2.3 . 2.3 2,2
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Footnotes for Tables 6.2 and 6.3

The element fissium is & conglomeration of fission products. A
fictitious reaction rate coefficient and concentrastion were ase

signed to fuel stream fissium es explained ebove in Section 4.5
~to echieve the desired poison fraction. The concentration of ‘
- fertile stream fissium was calculated by ERC=5 using reection

rate coefficients ‘developed from GNU and Cornpone output.

Al Xe-135 is assigned to the fuel stream. It hes 'been -assumed -

that a gas purge of fuel and blanket solutions will maintain Xe-135

absorptions at 0.005 neutrons per neutron ebsorbed in fuel.

Based on Li-7 atoms.

‘The ebsorption cross section of the fertile strea.m ce.rrier was

normalized to the basis of one thorium atom.
U-235 in fertile stream is negligible.

Includes thorium burned up in breeding plus thorium discarded on

'20-year cycle.

Fertile selt is discarded on & 20-year cycle to maintain blanket
fission products at a tolerable level.

The concentrations ere written with the letter "E" used to denote

the exponent, e.g., read 0.8892E-} as 0.8892 x 10‘1*

'Replacement salt for fuel and fertile stream carrier is a.ssumed

to contein Li thet is 0.01 etom % Li-6. Absorptions are based on

equilibrium 1i-6 concentration for this feed. -
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