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PREFACE - -

In September, 1954, a group of men representing various scientific
and engineering fields embarked on the twelve months of study which
culminated in this report, For nine of these months, formal classroom
and student laboratory work occupied their time, At the end of that
period, these six students were presented with a problem in reactor design.

This is a summary report of the study9 the research, the problems and
the solutions which developed during the final ten-weeks period of the
school term, It must be realized that, in so short a timey, a study of this
scope cannot be guaranteed complete or free of error, This "thesis" is not
offered as a polished engineering report but rather as a record of the work
done by the group under the leadership of the group leader, It is repro-
duced for use by those persons competent to assess the uncertainties
inherent in the results obtained in terms of the preciseness of the technical
data and analytical methods employed in the study, In the opinion of the
students and faculty of ORSORT, the problem has served the pedagogical pur~
pose for which it was intended.

As a matter of historical fact and pride we point out that similar
investigations by student groups of previous ORSORT classes have led to
sufficiently encouraging results to warrant more exhausive studiesg in at
least one instance, a reactor first investigated by a student group is. soon
to become a physical reality, There is also recorded an instance in which
calculations contained in a similar report were uncritically abstracted and
applied to a study for which they were never intended, It is to avoid the
recurrence of the latter experience that we have taken some paing to acquaint
the reader with the character of this report,

The faculty wishes to join the authors in an expression of appreciation
for the assistance which various members of the Oak Ridge National Laboratory.
have so generously contributed, In particular, the guidance of the group
consultant, Lloyd G, Alexander, is gratefully acknowledged,

F, C. VonderLage

for

The Faculty of ORSORT
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ABSTRACT

A centrél station power fluid fuel reactor has been designed in
which heat is removed by direct contact of the fuel with an immiscible
coolant, 6bject of this.design is to minimize fuel holdup outside the
reactor core by utilizihg the excellent heat transfer characteristics

of direct contact cooling.
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SUMMARY:

A new concept of heét removal from-a fluid fuel reactor was investiéated
"to determine wﬁat economic advantégés might be attained by minimizing fuel
heldup in the primary heat exchanger, A central station power reactor of
300 Mw electrical capacity has.been designed in which a liquid fﬁel is
coéled by direct contact with an immiscible 1iquid in a jet pump, - Fuel
1iquid is a solution of U233 at a conéent:ation of 305 ppg_in‘@olten ‘bismutk'x°
g Coolant is the KC1-LICl entectic which melts at 68L°Fo Breeding is accomp-
lished in an external blanket using a 10% by weight dispersion of thorium
in bismuth as the fertile material,

The reactor cores is a é' by 6' right circular cylider of graphite
with 1 1/2 inch fuel tubes., Moderator %o fuél solution volume ratio is one.
Modérator to fertile slurry ratid in the 3 foof blanket is two, To miniﬁize
fuel holdup in external piping fiow in the core is through a two-pass
érrangement with a cross-over header at the bottom of tﬁé core,

" Heat exchange tekes place in a circular disc jet pump located 3 feet
abqve the top of the core., Transfer of momentum from the coolant to the’fuel
suppiieé the driving force to overcome friction losses in the core, To re=
duce entrainment of ccolant with the_fuel9 an anmular settling_ring limits
velocity gf the fuel stream to 1 foot pef second as it returns to the core,
Heat from the blanket is removed in a conventionél shell .and tube exchangera

_The bulk of the heat from the core is utilized in the stgam boilers,

The remaining fraction superheats the saturated steam from the boiler tec 759
°F. Ian the main superheater, heat from the blanket raised the steam'

temperature to the throttle conditions of 1000°F at 1450 psia, Efficiency
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in the straight expansién cycle without reheat to & comdenser back pressure
of 1 1/2 inches of Hg is 35 percent, Moisture content is 12%,

A small but insignificant savings in power cost is realized by reduction

. of the U233 {haventory through use of the high perfermance jet pump heat ex-

~

_ changer, Totél fuel inventory charges amount to only .03 miils/kwh and 70%‘.J

of this inventory is ih components outgide the core and prima?y heat 6X=
changer system (bianket and processing plant holdu@'for.Pa dgcay). Ffom
this‘it can be seen that inventory charges for fissionable material within
the réactor core and heat exch;ngef-are such a small fractionjof the tqtal
power cost that no significgﬁ% cost reduction is possiblé thréugh iﬁproved.
heat exchanger performance, This point was particularly true for this’
reactor system because of the low eritical fuel concentraiiono

Other costs closely parallel those 6f the Liquid Me%al Fuel Reactor
designed at Broékhaven Naticnal Laboratory which employs the same type
reactor fuel with é conventional primary heat exchanger, Some séving'might
acerue from a reduction fn the primarj heat exchanger costs, but this is
offsst by thé added cost of the fuéed gsalt gystem, Chemical processing
costs are nearly identical for both systems., |

In the present direct liquid contact cooiing design, several problems
arose which could not he freated by analyiieal’ moano.

3, Exact heat ezmchange performance in the jet pump is uvnknown because

hbf the uncertainty of drop size and heat transfer coefficient within the jeto

It was shown that if the fuel were dispersed in drops no larger than 1/8

inch in diameter, heat exchange was adequate in the 0.2 second contact time

in the jet pump.
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2; Entrainment of the high neutron cross section sslt with tﬁé fuei

‘ would‘constitute a serious poison in the core. Dimensibns'ofjén adequate
settling ring for phase sepafafion can only be determiﬁed'expe%imentallyo

One Alternative is the development of a salt coolant with lower cross section.
A'possibility.is‘the NgE=BeF2 eutectic, . S

3; Sﬁitabie material of consfruction fo; the jet pump‘which would
stand up under the high jet velocities required and the mixture of molten
bismuth and fused salt at temperatures up to 1400°F is not khown“ Two bqssible
materials exist, Graphite is corrosion resiétant but probably'is subject to
erosion at the high jet velocities. Molybdenﬁm should be'safisfactory.bﬁt
at the, pregent time suitable fabrication technigues are not known,

An alternate heat exchanger was investigated in which partial counter-
current heat exchange is effected by admitting'coolant in tangentical jets,
Phase sepgration is also erhanced through centrifugal action, How'ever9 flow
patterns were so comblex that an adequate'analytical'tfeatmeht of pump per-

formance and possible flow rates was not developed.

LR T
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1,0 -INTRODUCTION - CHOICE OF SYSTEM

1,1 Objectives of Proposed Reactor Desigen

—_—_—

Fluid fuel reactors have been shoun to have several advantages

over heterogeneous réactors for power production. However, the fluid fuel

7/ -

reactors in generai introduce new and'different problems té‘the figld of
reactor technology. One distinct disédvantage of this type'reactdr is the
large inventory of fissionable material contained outsidé the core im
pipi;lg9 heat exéhanger9 and purps. In some cases, suqh as in the homogeneous :
reactors with D20 solutions and the Liguid Metal Fuel Reg9t9§?.which employs
moltaﬁ bismuth, thé fuel bearing liquid is also guite valugbleo This holaup
of valuable material outside the reactor core, if excessive, ppt_only inflicts
an ecom.:mic‘pénalt.y9 but also creates a potential safety hazard in that
several critical masses of fiséionable material are contgined within close
' proiimityo

The object of this sfﬁdy was fo design a‘fluid fueled central
station power reactor with an absolute minimum of fuel solution contained in
reactor externals,

- Of course, sconomics must be an uhderlying objective of any pdwer
reactor design, Advantages achiewved in reducing fuel inventory, if brought
about through expensive and complex designs, mey- have 1ittle significance,
Thus, a secondary objective was the investigation of the feasibility of the
proposed reactor for economic power producticn in comparison with reactors
of similarAdesign°

1.2 Sysitems Considered
While the original proposal did not define the exact method to

achieve the above objectives, one means of doing this was suggested, This
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consisted of emplioying & secondary coolént stream immiécible with the fuel
solution, tc remove neat by direct 1liquid contact of'the«fﬁel‘and coo;ant'
streams in & liquid jet near the core-reflector interfaceo In this scheme,
fuel hoidup in extérnal'pipimg is virtually non-existenty this, coupled with
the excellent heat transfer characteristics of direct 1iquid éontact which
keeps ﬁeat exchanger holdup low, reduces extefngl fuel solution holdup to a
minimum,

Since the problem was notlrestx;icted to the above scheme, several
_other designs were proposed in the initial phases of the work po achieve in
some measure the stated objectives., Those designs which appeared most promis-
ing were invegtigated further, From preliminary calculations_ﬁhe’performance
of each system was estimated and oxn fhis basis, a system was chosen from a
reference design study.

1,23 Bismuth Fueied'Reactor9 Internally Cooied by Water and Sodium

In many respects, bismuth is an excellent carrier for fissionablé
material in a fiuid fuei power reactor. It has & low capturs cross section,
is suitable for high temperature operation, has good heat transfer properties,
and 1is relatively\nonecorrosive°

In this design (Section 5.1 in Appendix) it waé propesed .to contain
a mclten bismuth-uranium fuel solution in double-walled tﬁbes Qithin the core.
No fuel would be circulated ocutside the core, OCooling woulid be affected by
circulating another.non-fuel bearing liquid driliquids within the core.
Liguids proposed were sodivm and water., This design obvicusiy eliminated
external fuel holdup while introducing several other real disadvantages.

These are:
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1. Poisoning effects of the coolant, water and sodium, and the
steel tube walls. From the preliminary calculations maximum breeding ratio
attainable was estimated only in the ozder 6f»093° Tﬂis wouid introduée a
serious economic handicap.

| 2. Increased critical mass due to poisons in the core, While ex=
ternal erl holdup was eliminated, the total fuel requirements wSuld not be
matérially-changedo
| 3. quplex paysical system. OConstruction of‘g sygtém to contain
thrée incompatible liquids within the core would be extremely difficult if -

pqssible at all.,

1522f‘Direct Liquid Contact Cooling

| Several methods were proposed for cooling the fuel solution by
dirégt liquid contact with an immiscible coolant,l In‘general, these methods
diffgred in physical design and theoretically could be applied tc any of two

or three different fuel=coolant systems.

1,221 Powered Pump - Centrifugal Separator

One unique design proposed for direct liquid contact cooling coﬁm

' sisted of & pewered cenfifugal separator located directly above the core

{4Appendix 5.2), Hot fuel is admitted in the form of small drops near. the

center of the turning bowl and coolant near the periphery. The centfifugal

a@tiqh induces counter-current flow of the liquids, and heat exchahge takes
placé as the fluids move from one édge to the other of the whirling bowlGL ‘
The big advantage of this design is that true counter-current heat exchange
is achieved. The centrifugal force also éids in rapid separation Qf the phases.,
Although the idea appearé sound and the turning bowl_could be designed with

only one atmospheric seal, the device would be quite mohstrgus sitting on
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top of the core, Estimated size was 8 feet in diameter and 6 feet high,
It would have to turn at only 50-100 rpm° It was proposed to pump the
coclant with an impeller located above the separator, attached to and

driven by the same shaft to which the geparator was attacned

10222 Jet Pump - Heat Exchanger ’

- Indefining the origihal proposal for a Reactor School summer
project, the baslc new idea presented was the removal of heat from a power
reactor by contacting the fuel with an immiscible coolant, in a jet pump
located at the co;e=ref1ecuor interface. In the jet pump, hegt trgnsfer
would be yéry rapid due to the high degree of twrbulence in the jet mixing
A tvbe, Momentum transfer from the coolant to the fuel solution would pfovide
the neéessary'head to overcome pregsure losses in the core. Centrifugal
separation of the phases alsc seemed advisable and was to be effected in a
"ser;es of ¢yclones located on the core periphery. Threes advantages were
apparent for the system,

1, Mechanically, it is simpleg theré are no moving parts,

2. Heat transfer would be very rapid, lPreliminary calculations
showed that héat transfer would not be a probiemg bub were found later to
be optimistic dvue to numerical error, _ ' ‘

3. Exterhal‘ﬁbldmuplwould be very siall,

Offsetting ihese advantages are three distinet drawbacks:

.1, Co-current heat exchange in the jet neeessitates a much higher
overall. temperature rangs witﬁin the s&stemo u . |

2, Very high jet noizle veleeities, in the order of 50 ﬁ0’75 feet
per second, sre required to impart sufficient momentum to the fuel solution.

It is possible no material of constraetioL would withstand quch veloci+ies at
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the high temperatures involved, .

_ 3. Transfer of kinetic energy in a jét.pump ié extremeiy in=
efficient, ' -
1.223 Jek Exchanger - Gentrifugel Seperator

In ap effort to achievé the advantages of botb of the above Schamesg

& design was proposed inlﬁhich heat exchgnge takes place in a_laréé~cylindrica;
vessél,lécatea, és in the other designs, on top of the core. Tﬁe gvoﬂp maleing
this design study cannot claim ofiginality ir this idea sinée a similer
scheme for a heat, -‘ézchanger had been proposed et Brdokhéven National Imabora-
tory(23) . The fuel stream would be admitted generally in the cenber of the

vessel and the cooclant in tangential jets a% the periphery, The high wsliceity

coolant imparts sufficient kimetic energy to the fuel to set up rapid swirl-

ing flow, Reco?ery of part of the velocity head and pressure head due %o !
centrifugal force ﬁould supply dziving foree to pﬁmp the fuel stream, The
centrifugal force wouid aid in phase sepﬁratﬂono

Three main advanteges were seen for this systew over the ordinavy
jet pumpo. -

1, Heat transfer would epproach that obtained in true countere
currént flow,

2o The coolant jets werld not be subject to the high thermal

" stresses which'appeared to be umavoidable in the{noraml Jet pump,

vaoh’Phase aepéfation should be rapid due to cenirifugal force in
the whirling fluid,

from the beginning the guestion aross as to whether the counter-
cwrrent flow as was visualized was actually possible., Estimating performance

of this system was extremely difficult,
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1.3 Choice of Physical Sysiem

Approximately two weeks of study we?e spent in evaluating the above
four systems before a.choice was made for reference design,

From elementary nuclear ealewlations on the sSdium;water internaliy
cooled reaétor9 it waé evident thaﬁ bfgeding ratio waé.téo iow to achieve
economié power, and this scheme was abandoned,

Preliminary calculations on the powered pumpuseparator'indicated
that thé design could be made to operate, and while the turning bowl would
be quite large, it would move relatively slowly compared ip similarly sized
Aequipment such as turbines, compressors, etec., however, it still was an
extremely complicated system located in a higk fadiation fiélde While there
were some advantages to the system not éttainable in the.othersg the com-
plexity of ine machine was feltAsufficient reaéon to discontinue work on this
design, -

This narrowed the choice to one of the tweo jet systems., It was
evident from preliminary celculations that high jet welocities would be
nécessary to impart ihe required head tc the fuel solutlion, While no data
could be found cn jet pumping of ome fluid by anc%her ﬁith greatlyAdifferent'
denéities, performance could be estimated from theoretical calculat;ions°

In the initial investigation of heat transfer characteristicé,
it appeared that therg would be po difficulties with eitker system, Heat
transfer wou1d>be very rapid as long as drops of the dispersed phase were no
larger than about an eighth to a quarter inch in diameter,

If all the advantages of the centrifugal exchanger-separator could
be realized, it seemed quite superior to the jet pi:mp° But, at that stage,

operating characteristics of the former could hardly be visualized, let alone



be accurately calculated, Consequently, it was decided to continue work in
parallel on both.designs until a clear-cut choice could be made, Eventually
both were carried through as far as time and analytical means permitted,

" %.4 Choice of Chemical System

. In the proposed reactor design, many rather stringenp'reagifements
are placed upon fhe choice of fuel and coclant. The most important of these
ares |

1, The fuel carrie% and coolan£ must be mutually insoluble, or.
exhibit only a slight solubility,

2, TUranium must be soluble in the carrier and insoluble in the
coolaﬁt,, e b

. 3. The liquids must be stable chemically to each other,

4, Radiation damage products of one liquid must not adversely affect
the other,
56 Densities of the liquids must be sufficiently different to
afford rapid phase separation,
. 6, Interfacial tension must be'such that there is no tendency for
thelliquids to emulsify.
7. -Some maferiél of consiruction must be stable ip contact with a
mixture of the 1iquids at opgfating temperatures,
8, The coolant should have low nuclear cross section to prevent
poisoning by entrainment in the fuel,
Three fuelécoolanf combinations were considered which might fulfill
some of all of the above requirements, These weres
1, Aqueous fuel.with an organic liquid coolant,
2, Fused fluoride fuel solution with 1iqfiid metal coolant,

'30 Molten bismith=uranium fuel with fused salt boolant;
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While the aqueous fuel-organic coolant combination satisfies many
of the requirements listed, it falls far'short on some of the otheré; notably
points 4 and 5. The use of organics in the core of a reactbr, to many people
acquainted with the radiation damage problem, is completely infeasible. How=-
ever, a heterogeneoué power reaétor has been deéigned(z) to be cooled and
moderated with bi-phenyl. In the present design two additional problemsgriéao
First, radiation damage to the ofganic,would bé more severe than in a hetero-
geneous reactor because of the intimate contact between the fuel and coolant,
In the hétarogeneous system,'damage is due to neutrons, beta and gamma rays,
while in the fluid fuel reactor, in addition to these, fission fragments
contribute greatly to the radiationﬂamageo The second and more severe prob-
lem would arise due to the value of DpQ; which all aqueous power breeders
emplby as fuel carrying liguid, Radia®ticn damage to the organic would produce
AHé which\ﬁould'be mixed with Dj ffom\DgD decomposition, Thus, recombination
wculd produce heavy water less enrichéd in deuterjum, The sﬁggested use éf
an organic with H2 replaced by D would not sclve the probleﬁ because of the
large losses of organic in the fofm of tars due to raéiationldamageo |

The fused fluoride fuel-ligquid metal coolant appears to satisfy most
of the requirements, A% least it is thought some chbination'could be found
which would satisfy the mutual stability and solubiiity requirements. Rediation
daﬁage would not be a problem and on the surface nvother serious difficulties
abpearedo

Howevér9 much more was known about the third system (uraniuﬁ—bismuth
fuel-fused salt coolant) from the work done during the pasti four years at

Brookhaven National Laboratory on the Liquid Metal Fuel Reactoéﬁz' In the
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deve10pment of cnemical prone591ng of the molten fuel by fused salt extraction
of fission product39 it has been shown that9 under the proper oxidizing ’
conditions, uranium will remain dissecdived in bismuth whlle'in contact with‘
& ‘eutectic mixture of LiCl-KCl, It was also fbﬁnd»that fhe liquids are
eagily separated after mixing, due in part to the great densityVQifference
and‘algo to the fact they show no tendency to emulsify, The‘liquids can bg
contained in the 400 series stainiess steels, Obviously9 from a nuclear
standpoixrt9 the LiC1-KC1-eutectic would be a seriouq poison 1f carried with
the fuel into.nhe core, |

>Af%er cafsful consideration of the above systems, the combinetion
chogsen for reference design wass

Fugi -~ Uranium dissolved in molten.bismﬂkho

~Geolant - LiClaKGl.euteétie (55% KC1 by weight),

Certainly, ways sﬁouid be investigated to minimize the pectential
peison effect of the coolant if this design is ever to be made practiéalo
Several possibilities exist, Work is underwaj at BNL to replace the very high
cross section LiCl with MgCisy or somebother chloride, Conceivably, some
fluorideveﬁtectic éould be used, though in general the melting points of most
of the fluorides are too high to be considefedo However9 NaF2=BeF2 eutaqti@
melts at 325YC, and thus could be postulated as a possible coolant, Only
experimental work in the laboratory would show whether another prcposed fused

salt ceclant would satisfy the stability requirements, s

2,0 REFERENCE DESIGN DATA
In this section is presented significant data for the reference

design, The reasoning behind the choices of these parameters is shown in
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subsequent sections, A1l detailed calculations are illustrated by derivations
and numerical examples in’ the appendix,
2.1 Overall Design ’

Type Reactor = Central Station Power

Elect?ical Power = 300 Mw |

Heat Powér - 770 Mw

ReactoriNucléar'Type = Two region with breeding in external blanket,

- ggig Desizn . : .

Fuel - Uranium dissoived in molten bismuth, at a concentration of
285 ppm by weight.

Mocderator - Graphite

o Fuel/Moderator Volume Ratio =1

General Configuration - Two pass flow through right c&linderAwith
entry and exit at @op, and crossover header at bottom, |

Dimensions: | ' |

Core: ;6 feet‘by 6 feet right cyliﬁae;

Fuel Tubes: 1 1/2 inch diameter of 2,02 inch triangular centers

Average thermal flux = 2°9§\x 1082 nv

Average fast flux - 3.95 x 1015 nv

Peak thermal flux - 7.3 x 1045 B

Power generated - 650'Mw heat = 84.4% of total power,

2.3 Blanket Design -
feriile Material: Thorium as a 10% by . weight dispersion in molten
bismuth.

U233 concentration = 300 ppm

Graphite/bismuth and thorium volume ratio = 2
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Blanket thickness - aft
Average thefmal flux = 1.29 x 1044 ny
Average fast flux - 30&8 % 10%4 nv
Power generated = 120 Mw heat, equal 15°6Z of,total.poﬁer
Breeding ratio = 0,987
204’ Heat Exchanger
Two different types @ﬁ'direet 1iquid-¢ontact heat exchangers‘werg

investigated, one in which heat exchange takes plaée-within a circular disc

~jet pump and the other in which the fused salt coolant is admitted fhrough

peripheral jets and flows semi=counﬁér currently to the uranium-bismuth

‘fuel solution, While the latter appears to have several advantages over the

circular disc jet pump scheme, its performance has not been estimated with

any accuracy because of the complex flow arrangement,

2,41 Gircular disc jet Dumgaexéhanger
. Jet radius = 1.9 ft
Coolant/fuel volume flowlratio - 2
Salt velocity in jet throat - 75 ft/sec
Head developed in fuel stream in jet pump - 14.0 psi
Pressure loss is ccolant stream across:jét pump = 46,7 psi
Fuel drop size 9100125 inD . \
Contact time = 0.2 seec
Temperaturess
~ Fuel inlet = 1407 °F
! Fuel exit = 974OF
Coolant inlet - 700°F

Coolant exit - 917°F.
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: 2,42 Jet Exchanger = Centrifugal Segarator

\ Coolant/fuel volume flow ratio -2
Salt velocity in jet - 65. ft/sec
Number of Jets = 4
Head devéloped in fuel stream - lho 0 psi (assuming 50% recovery
of kinetic energy head).
Pressure -low in coolan£ stream - 44 péi
N TemperatureS°

Fuel inlet - 1200°F

Fuel exit = 767°F )
‘ T DT = 433°F
Coolant inlet - 700Q°F -
Coolant exit - 917°F
2.5 Chemical Processing: . /

The core fuel solution will be processed for fission product removal
and the blanket solution for uranium recovery by a scheme\iroposed at Brook=
haven National Laboratory for the Liquid Metal Fuel Reactor and briefly
outlined in Sections 6.1 and 6.2 of this report.

Processing Cycless

Core coolant salt - 20 days
Core fuel steam =~ 173 days
Blanket = 34,7 days:

These processing.cycles will'maintain fission product poison level

at the‘arbifrarily agsumed 0,05 fraction, ‘ |
. The blanket cycle is determined by the desired U233 concenpration'
in thé blanket which is in.turn'fixed by.fower generateion permiﬁﬁed in the.

blanket and the effect of concentration on breeding,



. 2,6 Steam Cycle

Turbine Type =

Pressure - 1450 psia
' Temperatﬁre - 1000°F

Condenser back pressure - 1 1/29%

Moisture content of steam to condenser - 12 1/3%

Number feed water heaters - 5

Overall thermodynamic efficiency «. 39%

Water Heaters

Heat transfer area = 1,810 12
Number of tuhes = 282

I.D, (tube) = 035700%

Length = 35 't .

Over-all heat transfer coefficients = 938 BTU/hr.fiOF .-

©

Boilex

Heat tfégsfér area = lB,iOO_ftQ
Number of tubes = 1,376‘

I.D, (tube} = 0,700

Length = 52 £t

938 BTU/hr,ft~ OF
382 BTU/hr,ft2 OF

Over-all heét lransfer cvefficienls = Ty
U2

First Super Heater (Heat from fused salt)

itow

Heat transfer area = 5,420 ft° e
‘%umber of tubes = 1,376 |

I.D. (tube) = 0,700%

Length = 21,5 ft

Over-all heat transfer coefficient ( U) = 383 BTU/hroft2 OF
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Second Superheater (heat from blanket)

0ver§11~(U) = 383
AT'= 150°F
Heat transfer area required - 79130 ft
Number of exchangers
Tubes per exchanger = 1376
Inside diameter (tube) - d°7OOW-

Length - 28,3 ft

Feeg_ﬂgter Heaters

Number = 5 ;

Temperature rise of feed water - 416

Percent of throttle steam bled off to feed water heaters = 42%

2,7 BEstimated Costs

Using the best available figures from thg cost analysis of the
Liquid Metal Fuel 3eact6r(3)5 the cost of electric power from thé\ﬁﬁfﬂwis
7 mils/Kwh, Using tﬁe same costs where applicable, thé cost of power from
the direct liquid contact cooled reactor proposed in this report is 6 mills/kwh,
This saving is due entirély to the lower unit construétion and operating costs
f;f'a larger plant,- Bismuth, thorium, ﬁhd‘UZBB holdups'throughoutvﬁhe system
are shown in Table I and the power coé%vﬁféakdgwn is presented in Table II;

"It can be seen that inventory charges are insig?@ficant compared with the

major power costs,
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TABLE I

HOLD-UPS IN REACTOR SYSTEM

' Gel.Bi Tong Th g, U
Core - ' 685 . ce. 7.2
Blanket 2450 12 28,3
Core Heat Exchanger, and 2105 . - 22,3
Piping - ' .
Blanket Heat Exchanger . ‘368 2 4
Blanket Chemical Process 614, 65 ‘4008‘\
Core Chemical Process v | «=7=> o7
Total . AT e
‘TABLE II
_ POWER COST BREAKDOWN
Item | ) MillsZKWH
Capital Costs (not includiné boiler gquipment) 2.13
Capital Costs (reéctor and heat exchénger) 1,37
Chemical Processing ' ' ) 1.85
U233 Makeup (breeding ratio 0,98) . 0,03
233 Inventory at 4% ' | 0.03
‘Bi Inventory at 126 - . _ -0°Q6
Station.0§ération and Maintenance 0,52

Total ' 5,99

103.4



3,0 DESIGN OF CORE
The only requirement specified when design of the core was under-
teken was the power output == BOO Mw of electricity, The thorium 233

bree&ing cycle was chosen since the reactor is"basicglly thermal .

3.1 . Parametric Study of Effect of Core Eg;ggetergug% Breeding Ratio

While tﬁe primary purpose of .this design was not}to maximize
breeding ratio, mumerousg previous studies have shown the n&cessity for a
high breeding ratio if ahreactof-is to produce economic power, For this
reason, a parametric study was uﬁdeftaken to determine the effects of core
size and moderator to fuel volume ratio (Vm/Vf> on breeding, After the
parametér values which gave high breeding ratios were determingd9 the”core
“was designed considering the flow arrangéﬁentx(pressﬁre drop calculations)
in conjunction with nuclear calcuiations°

For the parametric study, a onemvelociéy};wo=region nuclea; model
modified with a fast leakage correction was used., It Qas arbitrarily de-
eided to breed in an external blanket, though subsequent studies have shown
that the core of the two-region reactor tO'pfoduce 300 Mw of electricity is
too large to permit sufficient leakage to the blanket for high breeding ratios.
Spherical geometry,was assumed and the resulting core sizes converted to a
right cylinder.by equating the one region buecklings.

The only importan? effé@t of moderator to fuel ratio is the inereasé
in thermal utilization with smaller Vy/Vg ratios, Figure 1 shows this effect.
From fhis Fnd Figure 29 which éhoys breeding ratio as_a function pf moderator ‘
tofmal_rafioat various U233 core conéenti‘ations9 it can be seen that breeding
ratio is higher for 10w.vm/Wf ratios, From other considerations (see 303)_@

7
A

tatio of 1:l was chosen as the smallest feasible,
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\
Using this.ratio the critical size of the reéctor is shown in
Figure 3Aand the critical zmass in Figure 4 as a function cof U233 concen~
tration in the bismuth stream, For the é foot by 6 foot right cylindricalbw
core configuration chosen, the critical ccucentration can be seen to be 350
ppm. Later more accurate two=-group cslculations made in determining blanket,

parameters showed the required core concentraticn to be 285 ppm,

3.2 Bffect of Heat Exchanger on Gore Design
J In a'eirculatiﬁg fuel reactor, one of the major holdups outside
the core is in the piping’from the top of the core out o the heat exchanger
and then from the heat;éxchanger back %o the core, For the flow rates re=-
'quiredg if £he fuel velocity in piping is limited to 10 ft/sec9 flow area is
- about 6 1/2 square feet and holdup neariy 50 galléns per linsar foot of pipe.
To minimize this external piping holdup, a8’ two-psss flow pattern-in
‘- the core is proposed, Fuel flows ﬁp the central region of the core, thfough
| the heat exchanger and settlimg anmuler ring, down the ocuhside area of the eore,
across & header at the bottom and then back up the core center; With this
arrangement the only external plping is that from the top of the core up.
through the moderstor tc the heat exchanger and that back to the outer edge.of
the core, TFigure 5 shows this flow battern and the heat exchanger in relation
- to the core and blanket, |
In the initial design, the direct liguid contact heat exchanger was
located in the blanket, just above the core, It became obvious, when the size
of the.hea? exchanger was calculated, that in thié position the salt was a
serious po;lson° Therefore, the hgat exchanger was moved up and three feet of

reflector inserted between it and the core,
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Reactor Core, Blanket, and Jet Pump Heat Exchanger
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If it vere not for the fuel entranéde and exit lines from the corey
the heat exchanger woudd eapture very few neutrons, However9 fuel in the
11nes effectively raises the concentration of U233 in the blanket segment on
top of the core to a much higher level than in the rest of the reflector,
thus increasing flux and fast leakage. An adequate mathematical analysis of
the effectfgas not developedglso the exact effect of the heat exchanger is
unknown, In essence, the heat\ekchanger'should not be considered e neutron
poison at its locationlabove‘the reflector, since the problem of entrance and
exit lines is present 'in an& design,

33 Flow Arrangement - Pressure Drop

When the nuclear calculations pointed out tﬁe advantage in geing to
low moderator to fuel ratios, severel core configuretione were investigated
to determine how low this ratie might convenienfly be made. It was agreed
that the fuel passages should be circuler holes in solid moderator blecks to
simplify fabrication,

The_effect of the tube size on nuclear homogeneity was investigated.
For a 1 1/2 inch tube, flux depression in ﬁhe center of the tube was con-
31derab1y less than one per eents s¢ -there was no disadvantage is using large
gsize tubes from a nuclear standpo1rt

The pressure drop through the core was‘then calculated for various .
tube sizes and core diameiters assuming a fixed temperature rise across tﬁe
core, The curves are shown in Figure 6, It can be seen that fer tubes larger
than .about one inch in diameter, pressure drop through @ﬁe core decreases
very little with increaeing tube size, In this range, most of the pressure
drop is in contraction and expansion lossés which are essentially independent

of tube size., A 1 1/2 inch fuel tube diameter was chosen for reference
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‘"designg though thére would be definité advantages iﬁvgoing to eéven largér~
size tubes for ease of fabrication. The cére'cdhtaiﬁsv1152 11/2 inch '/
diameter tubes. For a diameter of 2 1/2 inches, this number would be reduced
to 415, |

o : The lower 1limit of moderator to fuel ratio is determined purely

from structural considerafions° With 1 1/2 inch tubes, the min, spécing :

between tubes for Vm/Vf ratio of one is only 0,52 inches, It was felt that
méchahical streﬁgth would be seriously impaired‘if the holes were‘épaced-
closer, though in the LMFR'design a 0,833 V/Vp ratio is proposed with 2 in;h
tubes, | |

411 flow rates were based on a temperature rise of 500°F in the
core, While this is high compared to the 300° proposed in the IMFR, there
are—certain definite reasons why in‘the pfoposed degign, a higher temparatufe
rise is feasible, In the LMFR9 the tempersture rise 1is limited by mass transe
fer'in the heatAexchanger tubes, and this problem does not exist in thé
direct fluid contact cooled reactor, The factors limiting teﬁperature rise
are-theJIQWef temperature iimits set by the melting point of the fused salt -
coolant and the upper 1limit set by structurai strength limitations or corfésion; :

- In the core itself temperature is limited only by‘the ﬁranium=,earbon reaction

at about 1000°C#, At this temperature corrosion in the jet for any structural

material other than grapﬂite would probably be -excessive, and it-may not be h

feasible to use graphite with the high jet velocities reéuiredp For the

temperatufe rise of A33°F9 the upper fuel temperature is still over 14G0°F,

whiéh is surely near an uppér temperature 1imit fof any structursl material

other- than graphite, o ,

; ?Fo T, Miles, personal communication,




As shown previouslj9 Breeding ratio is improved by higher fuel
concentrations and thus smaller core sizes., A compromise was, theréfore9
required between A‘émall core to give better breeding and a large core to
decrease pressure drop. FTomwFigure 7, it is‘seen that pressure drops become
exééssive when core diameter is below about 6 feet, At this diameter, breed-
ing ratio is still nearly 1.0, so for reference design this diametér was ,
chosen, At the design conditions of 1 1/2 inch fue14£ube34and 6 inch diamété;9
préssure drop through the core.is about 12 psi. This includes lqsses in the
cross—over header below the core,

It is quite likely that it is not advantageogs from an economie
viewpoint to build a two=region breeder of this power capacity. At a lower
power, the core could be made sméller and breeding ratio improved considerably.
One alternative, és‘éroposed for the IMFR, is to make the core heiéht less
than the diameter to increase leakage to the blanket for breeding aﬁd still

retain sufficient flow area for low pressure losses

304 gissioh Product FPsisom Fraction

For critical core concentration calculétionég a poison fraction of
OOOS was assumed., This is defined as absorption in'fiSSien product poisons
per absorption in fueio Continuéus éontaeting of the fuel with coolant keeps
fused salt soluble fission products very low. The.bulk of the poisoning is
due'tolthe coolant insoluble fission broducts° A fuel processing cycle of ‘
173 days .will kgep the poigon fraction below 0,05, C&qlant is processed om

about a. 20 day cycle to remove the soluble fission products.

3,5 Poison Effect of Entrained Coolant

Any,éoolant entrained in the fuel solution will constitute a serious

poison problem.in the core because of the high nuclear cross section. A
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volumé fraction of only 8 x 10=5 constitutes the same poisoning effect as
the assumed 0,05 fission product poisoning. It would be quité optimistic to
predict that entraiﬁed'coolant could be kept at or below this figure, Only
experimental evidence could fully determine how-serious the problem might be,
Experience with chemical processing studies at Brookhaven National Laboratory
have shown quali“t.atively9 at least, that phase separation is quite rapid,
A Actual laboratory studies are'needed‘to produce qﬁantiﬁative evidence of
the.complete separation required,

Even if it were showm that entrained coolant could not Pe kept
below the required figure, the proposed design might prove feas%ble using a
fused salt with lower cross section. As pointed out previouslyp the only
reascn fo: choosing the LiGlTKCl eufectic for the cooclant was that -experience
at BNL had shown this toc be compatible with the U=Bi§muth fuel solution. If
the NaF-BeF, eutectic céuld be used as coolant, ertraimment e¢ould be 6/ times

as high and s%ill give a poisén fraction of only 0,05,

4,0 BREEDING BLANKET
hol gggggg; Congiderations - Blanket Configuration

Because of the complexity of the immiscible liquid cooling of the
core soluﬁion9 the only feasible mezns of breeding is in the external bianket |
of a two=region reactor. As pointed out previously, the propésed'reactor core
is probably too large for;economic_breeding in an external blankgt9 buﬁ no
.practicél one=region reactor desi gn could be envisioned which sfill utilized
the basic idea of 'immwiscible liguid cosling,’ | |

It was arbitrarily decidéd to remove the‘,heat from the blanket in

a conventional shell and tube heat exchanger, utilizing the heat for superheating

s
s
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to improve steam conditions since the blanket bismuth stream is about 230°F
hogter than the fused salt stream im the boiler,

In theAliﬁited time available, no attempt was made to complete the
blanket flow design. On the side end boitoﬁ of the core, noc difficulties
would be encountered inm locating the breeding solution flow passageso On
top of the core where the core entrance and exit lires take up a good fraction
of the total volume, loeafion of flew passages and headefs might prove more
difficult. The flow passages were presumed to be similar to those in the o
core, éircular holzs in graphﬁte blocks,

The proposed breéding solution is the one devéloped at Brookh;ven
for’the IMFR, a dispersion of thorium in bismuth, They have found that a
concentration of 10% thorium by weight is the maximum that can be conveniently.
pumped, At this concentration; the wviscosity of the dispersion is about 10
times that of pure bismuth,

. The effect on nuclear homogeneity was checked by célculating the
mean free bath for absorptioﬁ of resonance neutrons, which is about 200 cm,
‘fhus9 there can be little flux depression of resonance neutrons in the flow
passages and resonance escape can b2 calculated from e homogeneous model., Im
the thermal region flux depression hés 1ittle effect on thermal utilization,
becéuse the macroscopic crogs section of the, mederator is only in the order

of 5% of the total ‘absorption cross section,

4.2 Two=Group Study of Blanket Variables

While the criticsl mass of the core and effect of core size on
breeding could be estimated with sufficient sccuracy from the modified one-

velocity nuclear model used for the core parametric study, this model is of




- 1ittle use for a study of blanket variables, such as thickness, carbon/
~ breeding-slurry volume ratio and U?33 concentration, The main factors of
interest were the power generation in the blanket and the breeding ratio.,
' Reactors with 16 different blanket configurations were' calculated

on thelORACLE9 using the two=group, twﬁnregion code in spherical symmetry- ' -
Results obtained weres (1) eritical core concentrations, (2) fast and thermal ’ﬁ
flux plots, and (3) complete neutron balances, The variables studies were i
blanket thickness from 2 to 4 feratg_.U233 concentration from 100 to 300 PP, .
and moderator/blanket-slurry ratics of 1 and 2, |

From Figu;e 8 it is seen thét the power generation in the slanket '
is affected only by the U?33 concentration, and is essentially independent
of blanket thickness and carbon to slurry ratiog° o ~

Breeding ratio also proves to be an.important function of only one
Qariable==blanket thickness, In Figure 9 a sharp drop irn 5reeding ratio is
noted for blanket th&ckness below three feet whileAabove three feet bréeding .
ratio increases very slowly ﬁith'.thicknessa Increasing the carbon to slurry
ratio from 1 to 2 decreases the breeding ratio by less than 1%, This decreaae'
“is due to increased absorption of neturons in graphite, Wt is partially offset .
by, a decrease in fast leakage as shown In Figure 10, At the higher carbon/
slurry ratios, the increased amount.of carbon aids in thermalizétion of fast
neﬁtronso ‘

In chooging a blanket design, chemical preocessing cycles had to be
congidered since uranium concentration is controlled by the cycle time, The
basic aiﬁ of the reactor.design=aminimization‘of fuel héldup=awas also an. -

important factor,
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As a first approiimation9 the volume of slurry processed pér unit o
time fpf recovery of U233 35 inversely propértionél o U233 concentfation
in thé slurry. Thus, the flow rate thnrough the chémical pfoceséihg plant is
~ only about 1/3 as greaﬁ withﬁg 1233 concentration at 300 ppm as with 100 ppm.
3_For‘this reason, the highest coneenﬁration calculated was chosen. It is con-
ceiveble thére would be aévantages in going to even higher concentrations to
further reduce processing rates. As the concentration increaées, the fast

leakage also increases, and this adversely affects breediﬁgo However, at a

concentration of 300 ppm, the breeding ratio is only about 0,005 lesé than
at a concentration of 1C0 ppm. To minimize bismuth and:uranium holdups, the
231 carbon to glurry ratio was chosen for the blanket design, Agéins this
variable was not s£udied over wide enough ranges to determine limiting con- -
ditions, but it is apparent that breéding ratio would contirue to dfop‘as
the ratic increased. A blankét thickness of 3 fzet was deemed adequaté94
Slightly higher breeding ratio could be attained by going to a four feet | .
blanket at the expense of increasing the blanket volume 67 per cent,

At the reference design conditicns of 300 ppm urenium cqncentrafiong
3 feet thickness and carbon to slurry ratio of 2, 15,6 per cent of tﬁe
reactor power is generated in the blanket, with an average thermal flux (in
the blankeﬁ) of 1.29 % 10%4 and an average fast flux of 3.5 x 10%4, Complete -
fiux plots for the reference design reactor are shewn in Figure 11, It should
be notedAthgﬁ approximately one;half of the figsions in the blanket tgke placg .
in the fast range (above 0,065 evj indicating a serious deviation from a true
-thermal reactor., The twe-group modei used for these'calculations in not reslly

adequate for a reactor deviating this far frcm a thermal system, so some of
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the absolute values may be in error; However, all trends should be predicted
with sufficient accuracy.
4o3 Neutron Losses In Proactinium and Fission Products

'In making’the abéve calculations a poison fraction of 0,05, which
inéluded protactinium plus fission productllgssesg was assumed., From the
average flux, and slurry volume, a processing cycle of 5407 days is required
"to maintdin the 300 ppm U233 concentraticn, This corresﬁands fo a pfo¢essing
flow rate of 0,068 gpm,. From this cycle the concentratiqn of Pa poison
fraction due to Pa and loss by neutron capture was calculated., The poison
fraction due to Pa is 0,07, which is higher than the totsl assumed poisons
in the blanket, so a correction was ﬁade tc the calcnlated breeding ratio by
substracting the captures in Pa per capture in U<33 at@ﬁs from the breeding
ratieﬁ? This%decrease&%theftwéedingfratio'1.5fpery@ent. Removal of fission
products from the bismuth recyele gtream in the blanket processing cycle
could be easily adjusted'to maintein a poisom fraction of C.05, Since data
was not availsable on the split of fission products between‘the uranium and
bismuth streams (see Section 602), in the procesging sysitem, exact cycle
conditions cannot be caleculated.’ ‘

Lot Higher Uranium Isotope Build=lip
Due %o captures in U223 & series of higher uranium isotopes grow

in with time, These follow a complex pattern until equilibrium is reached,

as shown graphically by Stoughtoncgk)As U<34 builds up the peisoning effect

increases, then goes through a meximum and sharply decreases as U235 grows
in and starts fissioning., For a time the fissioning of ge33 actually over-
shadows the poisoning éfféet of UR34 and the higher isotopes contribute more
neutrons %hén they absorb, Then, U236 grows in and pdisoming levels out at

a poison fraction of 0,001 for our case after sévaral years operation,
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The effect on neutron economy is seen to be quite small. However,
for a liquid bismuth fuel which has a limited uranium solubility the most
‘important effect is the greatly increased totél‘uranium concentration,

'Equilibrium isotope concentrations are:

U233 = 285 ppm
UR34 = 160 ppm
U236 = 32/ pom
Total = 790 ppm

Tsotopes beyond U236 may be neglected with little loss in accuracy.

4.5 Owersll Qggtrén Balance

For the reference design reactor, overall neutron economy is shown
in Fhe folléwing table., Note that in the calculations, the factor T\_(neutrons_
produced per absorption in U233 atoms) was assumed congfant with energy. There
is reéson to believe that-rl actually decreases somewhat in the range above
thermal energy. This decrease would tend to lower breeding ratio, but this
tendéncy would-be partially offset by the higher critical mass required in
the core which would raise the breeding ratio., In any case, the effect is
small,

Table 3

Neutron Balsnce for Reference Reactor

Proactinium - (0.015)*"TNot included in two-

Fast leakage

Thermal leakage .
Total 2,31

Net breeding ratio = 0,992=0,015 = 0,977

Neutrons absorbed in U??? in core = 843
Neutrons absorbed in U<>2 in blanket = 157
Total neutrons absorbed = 1,0
Neutrons produced = 2,31
Abgcrption ins
: U233 = 1,000
Carbon in core . = 047
.Bismuth in core = L135
" Thorium in blanket =, 0992
Carbon in blanket = 7,016
Bismuth in blanket = ,023
Fission pProducts = ,050
Higher uranium isotopes = 001

s

2039 )group nuclear calculation
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5.0 ‘bIREGT LIQUID CONTACT HEAT EXCHANGER
\ The removal of heat from a 1liquid fueliby direct contact with an

immiscible 1iquid coolaﬁt ﬁedium was the basis for a preliminar;kdesign of a |
spray type heat exchanger at Brookhaven National Laboratory(g)o ~—

'In.tpe pfesent study two types of heat exchahgers were considered
in which direct contact of fuel and coolant ié utili;ed for heat removal
and for pumping the fuel. The fuel consists of U232 dissolved in molten
bismuth; a suitable codlant is the Lin=KCl?éutecti¢b The-re;ative density
ratio of’fﬁel,to coolant of 6 to 1 favors prompt separatiod of these'immisﬁible
15.quids° In both exchangers the transfer of mémentum from the coolant fro&"
vides the éireulating fuel with the reqﬁired head, The disc.txge jet pump -

exchanger, selected for the reference design, is essentially a co=current

or achieves partial

iet centrifugal

exchanger, whereas, the periy

_exchan
counter current flow, In both types conditions which enhance the pumping

peffprmance do not necessafily meke\for desirable perfofmance in heat trans=
, _
fer and separation, RN

N,

- 5,1 Probossd Objectiveg sf Direct Comtact Exchenger

The proposed objectives of exchanging heat and momentum by direct
liquid contact are as followss

a, ' To eliminate temperature drop across the tube wall in the
process of heat transfer, |

b, ?o decrease the fuel volume holdup (and hence, the fuel invest-
ment) in the primary heat exchanger,

i Go JO reduce the size and cost of the exchanger,
do To decreasé the external radiation level of the primary ex-.

changer by reducing the holdup of active materials thefein,
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e, To reduce thé;holdﬁp of fuel in the processing system by
Vextracting soma df the fission products during the heat transfer process,

£, To simplify the pumpiﬁg of reactor fuel 1iquid with respect
to maintenance. and radiation hazard,

go To feducé the magnitude of certain difficulties ;hichAare
amplified by the presence of heat exchenger tubing, i.e., radiation damages
plugging of tubes due to mass transfery thermal stress failurej la;ge active

area for corrosion,

. 5.2 Disc Iype Jet Pump Exchanger

Figuré,lz-shows aISCaled drawing of the disc type jJet pump exchanger . -

which has been chosen for the refererce design; The exchanger is to be
' located three ft. above the top of the core, This orientationyié preferable
to that at the coreaﬁlahket interface because of the éeriéus_poison effect:
of the quea salt coolant and because the jet pump structure‘is mofe accesible
and in‘é.lowef radiation field, However, the external holdup of fuel and the
shielding réquirements afe increaged thereby,

A survey of the literature on liquid-liquid jet pumps indicated
. that no simple theoretica; analysis exists by -which the action of Jet en=
trainment and mixing may be adequately described (5), (6), (7). The gross
behavior has been investigated using a modification of a method given by
Folson (5), It appears that even in the case of the latter, no suitable
experimentgl data have begn obtained for investigating thé accuracy of the
equétions when two immiscible liquids of different{degsiﬁies are involved,
Thus, the need for an experimental investigation is obvious., In the ﬁime
available9 two highly simplified experiments were performed by the group.
These served only to provide a qualitative éppreciation of problemé expected
and to emphasize that additional experimental work was{warranted énd quite
feasibieo' - |

1

~
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The design of the Jet pump 1s based on certain arbltrary aasssump.=
tions together with a parametr¢c study of the pumplng, heat transfer9 and
separation performanees° It is essential that those specifications indicated

.by.the study which'prévide adequate pumping must also be compatible with
ithe flow conditions required for proper heat transfer and sepg;gtiého

The radial disc type of jet pump'has been éhoéen in lieu of a
‘number of linear.jet pumps , symmetrica}l&‘located,‘on the_basis of gimpler
construction and assembly of the raaial type and the associated piping.,

5 21 Disc Tvpe Jet Pump - Pumping Performance

Although there appears to be no methed with which to adequately
describe the behavior of the liquid-=iiquid jet pump in the mixing chamber,
it ié.probably that four elementary processes are taking place therein:
(1) Acceleration of the perticies of the fluld fuel by the
direct 1mpact of particles from the jet fluid.
{2) Entrainment of the fluid fuel by viscous friction at the
periphery of the primary jet. |
_ (3) Degradiation of the mechanical energy of both liqﬁids result-
ing in the production ofAheat° .
(4 Diffusion of elementary particles of Eoth fluids where
variations in density exist which produce concentfationlgrédientsa
Metﬁod_of_Calculation = The metﬁod of calculation, described in detail
in Appenaix has beén té determine the.change in pressuré'across'the mixiug'
tube for various jet velocities and coolant temperature drops, assuming a
linear jet with a cylindrical m1x1ng tuve (5), Thuse the area of the linear
jet is related to the area of -the radlal disc type jet and the velocity and .-
pressure gdjﬁsted accordingly. Since the calculation is at best an approximation

/

of gross behavior, further refinements to aéeoung for certain losses were not
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carriéd out. These losses includes boundary layer losses, eddy current
losses, and losses Que’to incomplete mixing,

On the basis of prelinimary calculationé9 estimated materials
characteristics, and from bufél& arbitrary Qonsiderations certain quantities

were fixed%for the final calculation. These ares

Velocity of the suctiqn liquid at the jét nozzle 10 fps
- Pressure of suction and driving liquids jusf 14,7 psia
outside the jet ’
Coolant velogity in fhe downcémer: | ZQ fps
'Ratio of jet disc radius to downcomer radius 1.5
Horizontal radius to the end of the mixiﬁg tube A feet.
Reactor power generation (héat) : 750 Mw
Temperature drop in the fuel ' ~ 500°F

‘Those parameters Vhi@h were varied in the final caiculation;ares

Coolant jet velocity : 50 = 100 fps

Coolant temperature rise ' 125 = 500°F

The results of the caleculations are presented graphically in
Figures 13 and 1l4. The hegt gained by the fuel vs, jet velocity is plotﬁed
in Figure 13 for various ratios ¢f fuel to coolant change‘in”temperat.ureo '
Pressure drop through the cofe9 including a smali gain due to thermal pﬁmp=
"ing, is about 12 psi., At high yolﬁme rates of coolant flow, thelrequired
head may be developéd at a relatively low jet velocity., However, the high
volume rafes of flow reduce the exchanger holdup time and hence, affect heat
4 transfer apd separgtion adversely. On the other hand, the low coolant flow
rates require a much higher jet velocity to impart the required head to the

fuel, Thus, a design condition is selected which will develope the required
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Figure 13

Typical Jet Pump Performance
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Head Gained by Fuel in Jet Pump vs Jet Velocity
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Typical Jet Pump Performance

Theoretical Jet Pump Efficiency vs Jet Velocity
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fuel head at the lowest coolant flow rate and the lowest feasible jet

vélocityo The'configuration'selected has the following characteristicss

Temperature change inm the ccolant 2509F _

Coolant to fuel volume flow rate 1.58 -
;Jet'velocity' 75 fps. )
Jet height 0.0113 pt

.Veiocity‘at éxitAof mixing tube 10,3 fps

Total hesd gained by fuel | 2119 psf

Théqretiéal mechanicél efficiency 20%

Fuel Holdup | 2105 gal . |

The theoretical machanical efficiéncy9 defined as the rate
mechanical energy is added to the fuel divided by the rate mechanical
energy is lost from the drive fluid, is plotted vs., jet velocity for

various fuel to coolant changs in temperature ratios ir Figure 14.

Experimental Work
In a very simplified experiment mercury under atmospheric pressure
was pumped by a linear jet with water as the dr;iving“fiuid° The jet ‘pump

was fabricated of glass and was on a wery reduced scale, In view of the lack

of correspondence between the proposed model and the glass jet pump, only . -
general qualitativwe observations are reported, -
a, Flow in the mixing tube was quite turbulent.
b, No pumping difficulty was observed with a relatively high jet
velocity and high-coqlant volume rate of flow. (theﬂthat fuel to coolantr
density ratio ié 1306 to.1,) | |
| ¢, The mercury iﬁ the dispersed phase appeared to bé very small

\“ . ‘ ) ] o
drops, of the order of 0,02 inches in-radius.
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.

4, Little sepération wag noted at the end of the mixing tube.
Fpr.thié reason a centrifugal swirling chamber and a setﬁli@é chamber wers
joined to the end of the limear mixing tube to enhance operation,

e, 'ihe separation performance appeared,to‘be satisfactory although -
it did indicate thét in a mercury water system some carryover of finely dis- |

persed particles of mercury could be anticipaied in the water exit stream,

Additional Chars _of the Desig

n_Pump Exchanger

- The .disc type jet pump exchanger has the follbwing chgracteristics
some of which may prove limiting in the 1ight>of additicnal experimental
invesﬁigations

a, The design pump has no moving partis.

bo The design'puﬁp has an inherentiy low mechanical efficiency,

. ¢. The coolant pumping power reqﬁired'fbr the jet pump exchanger
is 474 kw,

d, Erosion'of the jet by the high wvelocity éoélant may or may not
ve a limiting factor in the designg this conclusioen mustibe substantiated
experimentally.

e, The large temperature gradient across the jet induces high
thermal stresses, For certein ﬁaterials of constrﬁctionAthis stress may be
reiieved by plastic flowo

‘£, Since the fuel flow and the éoolant flow rates gfe'not always
broportional9 it is essential that the coolant mass rate 6f flbﬁ be main-
tained near;y constant in order to maintain fuel eirculation, Thus, it may
be necessary to bypass some of the coolant around the secondary heat ex-

changer when the load is varied in order .to maintain constant throttle steem

conditions, ' . ‘ o
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nge Performance

5.22 Dise Type Jet Pump - Heat Exchs

The co=current heat exchange'pefformance has been calculated by
an adaptatibn of the Gurney-=Lurie chart fof a solid éﬁhere in unsteady stafe
with the surrounding medium at congtant‘temperature° fBr{eflyg the method
consists in using the chart to calculate for a given size fuei drop agd a
given heat transfer coefficient, the temperature difference between the
fuel drop and the surrounding coolant after a specified time interval. The
fact that the coolant medium is not at constant temperature ié accounted for
in the caleulation by taking the average. of twp'values obtained by.assuming
the coolant médium constant at an upper and lower value, The details. of the
calculation and an explantory sketch are presented in the appendix. An
exact method far gnalyzing this type of unstéady heat transfer is given in
Reference 11, - | |

The parémeters varied in the study are:

Fuel drop radius, inches | ) 0.02 - 0,1

Heat transfer coefficient, BTU/hr.sq.ft.F 1000 -~ infinity

Contact time, seconds 0.1 = 0,5

v VA heat transfer coefficient of 2500 was used as a suitable value
for design ca}culations(é?;w Oni the bésis%of the turbulence anticipated and -
on the basis of a calculation for moving spheres presented in the Appendix,
2500 is considered to be conservative, The latter cslculation gives a value
of 3300, |

In Figure 15, the temperature difference between fuel and coolant
VS, fﬁel drop éize ie plotted for %arious contact times. If the maximum
~allowable temperature difference is prescribed at 100°F, it is obserﬁed that,

within the range of the plot shown, the maximum tolerable drop size is mrp=.044%,
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Figure 15 ' '
Co-Current Heat Exchange

Fuel—Coolant Exit Temperature Difference vs Fuel Drop Radius =
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Co-Current Heat Exchange

Fuel—Coolant Exit Temperature Difference vs Heat Transfer Coefficient |
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or a minimuﬁ toleréblé_contact timg if 0.3 secondso- From a consideration
_‘of the total volume rate of flow and the volume of effective heat transfer,
the avérage contact time is estimated to be 0,2 seconds.

A drop size, rn;=0062W9 considered to be conservative; is arbitrarily
specified for the désigh condition. Thus, with a heat transfer coefficient
of‘25009‘the calculatedAﬁemperature difference between fuel ana coolant is
579F; The temperature difference expected ﬁill be less than this %alue for
three reasonss’ (1) increased value of heat transfer coefficient due to
turbulence; {(2) drop size smaller than that specified is‘probable; (3) éhe
- average drop temperature will be about 20% less fhan the température of the
drop center which was used as a basis for entry to the Gurney-Lurie chart,

Figure 16 presents the vgr&ation of the temperature difference with‘
the ?alue of heat transfer coefficieﬁt for a drop size, ™m=0,06", with contact
time as'a parameter; |

In Figure 17 temperature difference vs. contact time is plotted
for several drop sizes, assﬁﬁing that h = 2500, The area of uncertainty
is indicated by pletting upper and lower values corresponding to assumed upper
and lower initial temperature differences between fuel and conétant temperature
coclant., It is seeﬁ that for the drop size and contact time of interest, the
result obtained is not strongly dependent upon the éssumed initial temperaturé
differénce and hence, taking the average of the upper and lower values in
the calculation appears reasonablie,

5.23 Disc Type Jet Pump - §epafation Characteristics

Considering thé fuel as the dispersed liquid, the first step in
analyzing the.séparation of fuel and coolant is to calculate the terminal

veloeity for fuel drops of various sizes falling through a medium of fused
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salt in a standard gravitational field, The calculation is given in detail

in the Appendix., Results for several drop sizes are as fcllowss -

g Terminal Velocity, fi/sec

000290 - 103
0,04" ' 1.8
6006” . 202 ) N s
()ol&fow ) 208

In comsidering the. mixing tube proper the question to te determined

is whether or not the warious drops of fuel will fall through a height

‘required for separation of the phases by the time they have transited the -

mixing tube longitudinally, 4s-a first estimate turbulence has been neglected

and the drops have been assumed to move in space along the resultant of two

velocity vecltors, one vertical due to gfavity and one horizontal of magnitude
equal to the average longitudinal veloeity of fuel through the mixing tube,
It has been further assumed that the average velocity of fall is one half the
ealeulated terminal velocity, The height of the mixing tube for the design
jet pump exchanger is .64 feet, Based on the relative volume fiow rates the

estimated height of the fused salt layer when settled out is .39 feet, With

'these values and the above agsumptions, a drop of radius .062% at the mixing

tube entry (which has the longest transit time) is consideredg to determine
if it will fall through a height of 0;39 feet in the estimated transit time
of 0,2 seconds, A simple calculation shows that the drop will fall 0,22
feet in the allotted time, | ' |

" The case eonsiaered is quite optimistic freﬁ:fhe standpoiﬁt of

separation., Thus, if in this case the drop will not sebtle out, it is most
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"unlikely th;t separation would be achieved in the actual design where turbulent
flow conditions exist through the mixing tube°
Because of the serious pcison effect of fused salt in the core, it
A ;ié manaatq;y that separation be eomplete and hence, additional means must bs
ﬁp:ovided for.this purposeo . Figure 12 shows the means selected (1) vanes and
a swirling éhamber have been added to the higing tube discharge to obtain a.
greater effective gravitational field; (2) an enlarged separation chambéb has
beeﬁ added to the swirling chamber to provide additional settling time., The
- orlentation and size of the latter has been cal@ulated so that coolant drops
of radlus 06?" or larger will rise in the fuel settling chamber faster than
the fuel is descending (1 ft/sec). See Appendix,
The configuration of the‘design’settiing chamber may be conservative
from the standpoint of insuring separation. ﬁoweverg this conservatism
‘:results in a‘substantial increase in the éxternal‘holdup of fuel, See beiowo
R The extent to which the size of the settling chaﬁber might be reduced by an
improved design9 as well as the determination of carryover of fuel and coolant

for various designs, can only be determined with any degree of certitude by

detailed experimentation,

Fuel Hold-Up Volumegs
Proposed Disec Type Jet Pump Exchanger 2105 ga}s;

Brookhaven Spray Type Exchanger ’ 4760 gals.
(scaled to 750 MW heat)

5.3 Fluid Contacting Centrifugal Pumg,Exchanger
_An alternate design to that of Section 5.2 which has the same -

proposed objéctives in shown in Figure 18, Im the ccnfigurationlchosen

the coolant enters at a velocity of 65 feet per second through four tahgential
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Fluid Contacting Heat Exchanger .
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‘jetsg symmetrically located at the base of the exchanger, A swir;ing and
rising mofion‘is imparted to the liquid fuel entering at a low veiocity from
the core riser, - The centrifugél action and the upwerd component imparted '
'.caﬁse.yhe heévier 1i§ﬁid (the fuel) t§ move . from the central.region to the
periphery where it moves upward and outward throughAdiffuser vanes, The
lighter eoblént moves from the periphery to the eemtrél regicn and upward tb‘
the.discbargée The flow patterms obtained are complicated amd no£ readily
examined analytidéilya from the standpoint of heat exchange, it is ﬁeliefed
that the filow will be preponderantly' counter current, |

50,31 Gentrifugal Pump Exchanger - Pumping Performance

The gross pumping behavior was analyzed on the assumption that the

coolant enters the chamber at high velocity and transfers part of its momentum
té the liquid‘fuela It is further assumed tﬁat ﬁomentﬁm is conserved on the
gross scalej entry losses, mixing losses, and eddy current logses are neglected.,
The mixing process is envisaged to be completed in a short distahce after
which fuel and coolant attain a common liﬁear motior, The detailed calculation -
is given in the Appendii.

The head gained by the fuel is assumed to be that due to a change
in velocity'head and to the centrifugel head, the latter considered as a gain
in pressure head, it has been assumed for simplification that 100% of this
liead go gained by the fuel is recoverables.in view of viscous losses and other
losses inherent {; such a complex flow pattern, the gain in fuel velocity head
will not be fully recoverable.,

Figure 19, a plot of head developed in the fuel vs., Jet velocity,
shows phé results of the calculation for various valves of fuél to coolant
volume flow rates,’ Throughout: the calculations itAwés aggured that the rotaﬁu\\'

ing annuler shell of fuel was six inches thick. The characteristics of the
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Characteristics of a Fluid Contacting Centrifugal Pump.
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design centrifugal pump-exchanger ares .
Jet welocity 65 fps

Ratio of fuel to coolant volume 1/2 .
rates of flow

Gain in fuel head 5,5 £t

* The theoretical mechanicél efficiency, defined as the rate.mechaniw
" cal energy is added to the fuel diVidé& by the rate mechanical energy is lost
by the coolant, is calculated in the Appendix and is plottedAagainsg the ratio
of ccolant -to fuei mass flow rates in Figure 20, The efficlency for the
design condition is 20%. Thus, thé pumping power required'for the ceclant is
of the same order of magnitude &8s that rsquired in the disc‘type jetwpump
exchanger,
| It is believed that the consequences of "going to higher coolant
'flow rates are more deleterious in the centrifugai type than in the disc type
exchanger from the aspect of separation'performance0
In addition to’transferring momentum to the fuel the coolanﬁimust
retain sufficient head at the exchanger discharge to move through the
secondary heat exchanger and external piping. Here‘again, as in the disc
type jet, for‘d'given jgé veloéity and mess flow raw’;é9 the coolant héad
available at the e;changer discharge'méy be iacressed by operating the core
un&er a higher pressure. This essumes thet the secondary loop bump is
. located inm the cold leg, 4&n alterpative is to iocate the pump in the‘hot leg
. of the secondar loop so that the coolant discharging from the,primary eX=
changer'may bs raised to the veqguired head,
Operating of the core with the fuel under the slightly ﬁﬁgher

. pressure required to raise the level of the coolant head at the exchanger

"
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THEOREYICAL EFFICIENCY OF A FLUID CONTACTING CENTRIFUGAL PUMP

AT FIXED HEAD
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discharge‘is-not ceneidered a serious limitation in core consﬁruetion since
even with atmospheric pressure at the top of the‘core,.as in the reference
'_._‘deszhgn9 the pressure at the core base due to statistic head is about 26 psig,
In order to prevent oxygen from leaking into the core and oxldlzing the
uraninm operat;on of nhe core under a pressure greater than atmospherie‘is'».auw
desirableo From ﬁﬁg'standpoint of preventing leekage of aefive core f1uids,to= :
the external environment,f'it is desirable to operate the core at a pressuré
below atmospneric° |
In this type of exchanger, as well as in:the disc‘tjpe jet exchanger,

for a given configuration the volume rates of flow of coolant and fuel are net
always'proporfionalo, Thus, the flow rate of the coolant must be maintained
nearly constant., As has been indicated in Figure 19, the head developed in

the fuel increases with the.coolant flow rate. However, in the case of the
centrifugal ' exchanger the adveree‘effect of high coolant rates upon separation
anajheat transfer performance is more severe than in the disc type jet ex- -
cnanéer. This is due to the fact that despite the gain of a linear velocity
~head by a fuel mass,; it may never reach the rotating annulus. Ax certein
‘values of coolant flow rate; the radial drag force ecting on‘e fuel mass

may reach a magnitude such that the effective centrifugal fonce is not
sufficient to throw the fuel toward the pe;iphery at a rate consistent with

the specified fuel rate of flow, )

5,32 Centrifugal Pump Exchenger = Heat Exchange

Since the exact nature of the flow patterns “of cooiant and fuel is
unknown, a 31mp11f1ed model has been assumed in which fuel at the center
moves toward the perlphery in the dlspersed state through the concentric‘
surrounding medium of fused salt, which is displaced toward the center, Only

the radial componenﬁs“of coolant and fuel veloeity are considered, The method
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of hegt transfer calculation, given in the Appendix,'consists'in treatipg
the problem as a steady state case similar to that encountefed in a éhell.
and tube heat exchangero The log mean temperature driving poténtial is -
detarmine@'fqr several values of &robfsize, heat transfer coefficient, and‘
contﬁct times, With that quantity deterﬁinedp the difference in temperature
between the fuel outlet itemperature and the coolant inlet temperatﬁfermay bs
.calculateqo An exact method for_tﬁis prbbleh in heat transfgr is given in
Referenc;’&° For the case of a contact time of 2 seconds, heat transfer
coefficient of 2500, and a drop radius of 0,0985%, the approximate method
gives a value of 22 F as compared to 19 F, given by the exaet‘calcﬁlétiono

Iﬁ Figure 21, temperature difference .vs, drop size is plotfed for
three contact times with k taken as 2500 BTU/hr .8q .f% Eg If 100 F is pre-
scribea as the maximum temperature differencé, then, within the range of- the
plot, the maximum é¥op size is rm = 0,127,

Figure 22 shows the effect of the heat transfer coefficient on the
temperaturé difference for a given drop size and for various contact times,

From the standpoint of heat exchange, thé fluid céntacting centri-
fugal exchanger is congidered superior to the disc type jet exchanger in that A
the former is subject to much iower thermal stress across the c¢oolant ﬁnlet end
in that for the seme heat removal rate and average core temperature, the

maximum temperature of the fused salt coolant will be higher in the counterm‘

current type,

The fact that the holdup of fuel appears to be less for the centri-
| fugal exchanger is misleading in that the calculations, which have been highly

idealized in view of the complex flow characteristics, do not take into account
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Counter Current Heat Exchange

Temperéture Difference vs Fuel Drop Radius for Three Contact Times
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the radial draglfor'various geometries and coolant flow rates cannot be
predicted with any certainty9 .and hence, experimentatlon will be required to
determine whether or not the separation characterlstlcs are satisfactory° It
is to be noted that because of thls drag force anticlpated9 the effective
centrifugal field cannot be increased merely by increasing the head gained by
the fuel, Thus, it may well be that additional holdup volumes and times may
be required in the form of settling chambers.
5.4 Summary Evaluation of 2&3 Exchangers
‘ ‘a, More efficient heat exchange Z 'centrifugal pump exchanger°
b, 'Minimun;thermal stress problem - centrifugal pump exchangero

¢, More effective separation at the .- ‘disc type jet' exchanger...
flow rates involved

d, More‘uncertainty'in the calcu- | - centrifugal pump exchanger,
"lations and overall estimate ‘ ' ' E '
of performance
6. O "CHEMICAL PROCESSING
The processing scheme proposed for this reactor is basically one, of
the systems proposed for the Liquid Metal Fuel Reactor with modiflcations
where required. ’No attempt was made to develop new processing methods; but
_ the processing cycle times are changed to achieve ‘some advantage from:the |
fuel=-coolant contact in the primary heat exchangero |
6,1 - Core Processing
For the proposed direct liquid contact cooled reactor9 the chemlcal
processing scheme must be modifled9 because the- direct contact of fuel and
coolant comprises one essential step of the core processing systemo, To achieve
the greatest advantage this fuel=coolant contact_affords, the system referred

"to as Fuel Processing Scheme A(B)‘weS‘chosen for this reactor system, Two. -

T
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alternate schemes for brocessing are. outlined in the above report,

For this system,; the fission products can be difided into thrée.
_classes: (1) volatile fission productsg (2) fused sait soluble fission '
products, referred to as fpss and (3) fused salt insoluble fissioﬁ products,
designéted fpn, The chemical processing system can be broken down into'three.
separate sections, each for the removal of one of the above clésses of fission
products., |

6;11.Volatile Fission Product Removal

Volatile fission products, the most important of which is Xenon=135,
are removed in the IMFR Scheme A by épraying'the fuel system into a space
above the core maiﬁtained at about l'micron pressure'¢here the.gases diffuse
out of the fuel ‘solutions. This scheme requires a holdup of several core.
volumes to give sufficient holdup time for gas removal, It is possible that -
the requirements for the direct'éogfact*cobled reactor are much simpler,
Fission gases could conceivably be removed when the fuel is finely dispersed
. in the heat exchangér and collected and removed from the fused salt éystemo-
No experimental evidence to justify ‘this method is available, but distinct
advantages are obvious if the scheme proved feasible,

6,12 Salt Soluble Fission Products

When proper oxidizing coﬁditions are maintained in the fused salt
through addition of BiCl3 about 50 weight per cent of the fission pfoduéts,
including the alkali, aikaline earth, and rare earth metals, are extracted
by tgé éalt phase.,. Stoichiometric quantitles of BiCl3 must be used since an
excess will cause uranlum to be extracted with the fission products, 2

While in the IMFR scheme, this phase\of processing is carried out

on a side stream from the fuel loops in the present design the fuel-coolant

‘
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contact comprises the first step, and a side stream from the salt willnbg"_
processed to concentrate the fission pfoducts for ultimate disposalo. E}gg?e

23 shows the basid'steps required to doAthis9 and Table 4 lists the approximate
flow rates and stream concentrations, The side stream frém the sélt loop is
contacted with fresh bismuth to remove traces of uranium, The fission products
are then extracted from the salt with Pb containing an excess of calcium, The 
fused salt is returned to the main circuit, and the fission products extracted
in a small Volume of salt for disposal.

In the early stages of this study, it was. thought that the chemical
processing scheme would be greatly simplified by means of the direct contact
cooling procedure. However, it can now be seen that this'step Is-a rather -
small part of the salt soluble fission product removal system which iﬁ itself
femoves only certain of the fission products., The chémical processing plant
on the whole is essentiaily‘the same for bofh systems,

6,13 Salt Insoluble Fission Products

The salt insoluble fission products, including zirconium and'poldnium,
must be removed from a side stream of the fuel solution, Uranium is first
removed from the fuel by contacting with fused salt containing an excess of
BiClB to oxidize the uranium. The bismuth stream is thehléontécted with NaOH,
containing small amounts of NaNO3, to remove zirconium and magnesium., This
salt stream is then discarded, The remaining fission products and polonium

are extracted by molten zinc, concentrated by vacuum stripping of the zinc

.stream and discarded, The purified bismith is used to remove uranium from fused

. salt streams, is thén enriéhed to the proper UR33 concentration4and returned

té the core,
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TABLE 4

' Com2031t10n and Flow Rates for Core Chemlyal Processing
Cycle (Refer to Figure 23)

Stream \ ‘ Composition ' Approx, Flow Rate

asb,e Fused Salt Coolant (KC1 ¢ LiCi ¢ tps) ° - 3q7é_? 107 +4/nr
d Volatile Fission Products ' oo

e,f . U=Bi Reactor Fuel (285 ppm U233 in Bi) : ‘ 1,42 x 103-#%/hr
g U*33 Make-Up 19 g/day

hod, Fused Salt Side Stream for Processing o 600 = /hr

k,1 Pb Stream for fps Removal _ 2300 =F/hr

myn '~ Fused Salt for fps Concentration and Disposal . 54%Amr

059 Ca Make-Up " | ‘ 20 g/hr

ii,jj,00 U=Bi Side Stream for Processing _ 60 FF/hr
8sot,pspp -

11,kk Fused Salt Stream for U Extraction .

ﬁmann ' NaOH + 0,17 NaNO3 for Zr, Mg, + fpn removal 4L F/nr

TT,gg Zn for removal of fpn + Po 6 F/r

6.14 Progessing Cyecles and Poison Level

In the nuclear calculations, a poison fraction of 0.05 was assumed,
and thé cycle'£imes were calculatea:to maintain this poison fraction with nb
effort being made to optimize cycie times against poison fraction because of
the incomplete progessing cost data available, |

'The ﬁoison fraction assumed was afbitrarily-splitg as#igning 0.01
to the fused salt insoluble group, As stated'a"oové9 insufficient information.
is availablg to adequately design and estimate the performance 6f the volatile

fission product removal system, The 0,01 value was used in LMFR designs.
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Extractioﬁ'of the soluble fission produéts by the fused salt is
essentially‘éomplete° ‘The fiééion product equilibrium concentration ratio
is in the order of 109*, in fé?or of the salt phase, The conditioné determin-
ing the allowable concentration of‘fission products in the coolant salt afe
not clearly definédo. To decrease processing rétés, it is advantageous to allow
high concerﬂ;rations9 but these in turn, allow poisons to accumulate in the
bismuth phase, Using the eaﬁilibrium ratio of 100; at a concentration of 50
‘ppm'in the salt phase, poison fraction due to this group of fission:products
is only of the order of 0,002 and processing rates are less than 1 gpm, |
Whether a.concentration this high, or even higher; is permissible depends to
& large extent on.séfefy considerations and emergency cooling requirements,
It appeé:s that under no reasonable conditions will the soluble fission pro-
ducts contribute a significant poison fraction,

To maintain the insoluble fission producfs at a poison fraction of
0.04 at.the reference deéign core flux of and total volume of 28LO gallons
of fuel solution, a cycle of 173 days corfesponding to a processing flow rate
.of 0.0114 gpm is required., The.economic optimum processiné rate 1s probably
considerably higher, bﬁt could not be determined from the available cost data.

6°2  Blanket Proceésing n,ggzg Removal A

qu the proposed two region reactor, gR33 producéd in the blanket
will be4removéd by the same scheme devised for the iMFR and feturned to the
core, The processing cycle is extremely simple intprinciple though several
steps need experimental evidence to pfove feasibilityP Brookhaven Nationai
Laboratory has proposed other schemes which might prove more successful,
Figure 2/ shows the basic steps in the blanket proceésing scheme,

A side stream from the blanket slurry is dilﬁted with an equal volume

*F, T, Miles - personal communication,
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TABLE 5

Comgosition and Flow Rates for Blanket Proce ssing chle
, (Refer to- Figure ure 24)

Slrean S Sompaition - 1 ‘Flow Rate

ash Bi'«o»U«wThslurr’y - 275 H/hr
b " Bi for dilution | | 275 3t /b
¢ Bi make-up | . ,  133/hr

d,e Bi + U + Th slurry o 555 #/hr
£ .~ Bi+ Th'siuri'y - ' . 275 H/hr
g Th make-up ‘ ' ‘ 820 /day
B Bi + U to Urecovery .+ dissolved Th : \ - 275 j#?hri
j Bi from distillation - 262 :#7Sr
h  BL+Us Th slurry - | 13 %/hr

1 B& + Th fo Th maké—up" t - _.i 0,15 H/hr
m,ne Bi + U + Pa to core . ’ . - 13 ji?hr

of bismuth and subjected to a heat pulsing dissolution step;'”In this

oﬁerationg the temperature is cycled between 350°C and 850°C'uﬁt11.60% of

the thorium in the slurry is dissolved, The remaining Solids9 maihly thorium,

' are centrifuged from the stréam9 mixed with recovered bismuth frsm.a’subsequent

step and returned to the blanket, |
The éélids free stream from the centrifuge is reduced to 1/20 the

qriginai volume by distilling excess bismuth, This precipitates dissolved

U233, Pa, and some fission prodqc£s§ whiph are then centrifuged from the stream, .

The solids are then stored for about 160 days for decay of Pa to UR33 before

return to  the core,.
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. No pravision is made in the system for poison removal, All fission
products which follow the U233-Pa stream will subsequentiy be moved in the
core processing steps, If reouired, the bismuth stream from the distillation
istep could be processed to prevent excessive fission product buildup within

the blanket processing system,

7,0 STEAM CYCLE | | .
| Three criteria were used in the design of the stream cycle:
~ 1,. Since the heat exchangers to the steam will be radioactiyely hot

the heat exchangers W111~33 difficult or impossible to repair after'they'have
been in service. They shouid be chesp to replace, Therefore, ihe steam -
pressure should be low° |

2, The fuel cost will be between 2 and 2 1/2 mills per kilowatt hour°
Since this is not negligible comparéd to a coal cost of 2 1/2 to 4 millsgl
the thermal efficiency must be fairly high ;

3o Since the "hot" heat exchangers will require shielding, the volume:.
of the heat exchangers must be minimized, This can be done by ;educing the
amount of superheating and reheating. Fore-xample9 rather‘than reheat, the.
steam can be expanded to a higher moisture content,

4, Temperature is limited by the corrosion in the blanket loop° The
maximum steam temperature is 1000°F, |

‘The following table gives the thermal efficiency for a number of different
cycles° These-are,ideai cycles without regenerative feed. water heating9

. ‘The cycle chosen was’ the 1450 psia, 100°F nonf_.reheat cyele, With'

regenerative feed waier heating the thermal efficiency is 39.0%, Thirty-two
per cent of the neat is added in superheeting° For a complete description of

the steam cycle see Figure 25a
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Figure 2%

STEAM CYCLE
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‘Thermal Efficiencies for Various Steam Cycles

| TFROTTLE REHEAT A o | |
presss ~temp,  press. =~ temp. % exhaust thermal % heat in super-
pgia ° OF psia - SF moisture efficiency heat and reheat
700 1000 o 18 . 339 21,5

1250 1000 - 111/3 - - 35,8 22

1250 . 1000 700 . 1000 8 36,9 26,3

1450 1000 o 12 1/3 36,2 22,4

1450, 1000 700 1000 8 - 37,0 . 27,1

1800 1000 - 14 36,8 N 23,3

1800 1000 700 1000 8 37.8 h 29,5

2015 975 60 975 8 38,1 30,7

Selection of the steam cycle was éoméwhgt arbitrary Aué to the
multiplicity of unknowns, Among parameters on which greater. knowledge is
required areglﬁ%)\cést of heat exchangers as a funcfibn of steamzpressuregi
‘(2) cost of‘shielding versus amount of superheating and reheatingglandr(B)
turbine cost for different throttle steam conditions. ‘

Overall Cycle - The overall cycle is shown in Figure 25, To make the system

as simple as possible, the steam is heated directly by ﬁhe radioactively hot
fluid. Thgre is no danger of a leak in the heat excﬁ;ngers qbntaminating
the turbine, since any leak wili be from the high pressure steam side to the
low proasure heatanl side,

Note that the UBLi from the blanket transfers heat to steam and not ____

to water, Therefore, in case of a leak, low density steam would enter the
UBi rather than water, Any chemicél or physical reactions would thus be less
"violent° ’ | ' | | | |

The fraction of reactor heat taken from the blanket was not determined

from a thermodynamic analysis but is rather the result of fixing core and

blanket fuel concentrations,
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" 8.0 CONTROL OF THEREACTOR AND POWER OUTPUT

15000F

1250°F |

Design of the reactor'control sjstem progressed only to the point

“of calculating a temperature coefficient of reactivity and devising a possible
: y ,

scheme for mginﬁaining constant steam conditions to the turbine for varying
load conditi??so
With‘thé calgﬁlated.temperatu?e coefficient of‘9 x 10“5.per degreq Q?
the reactor should be completely _self=regulating9 and no controi rods are ré;
éuired for stable operation. For any given fuel concentration, there is only
one temperature at which the reactor is exactly_criticalo Thus, the gveragé
steady,state temperature is constant and independent.of load. This tempera-~
ture is'fixed by theAfuel concentration,

The flow rates of the fuel and coolant are interdepeﬁdent9 though not

necessarily proportional, due to the jet pump action, This system is therefore,

not well adapted to handling load changes by varying flow rates, For this

 réason, the coolant and fuel mass flow rates will be maintained constant for

all powerlevels,
Ve

Witﬁ;a constant fuel flow rate, and a constant average fuel temperature
in the corey the temperatﬁre rise of the fuel in the core will be proportional
to the power level, The fuel inlet and outlet.temperature (in the core) will
véry with load as shown below,

emperaxure

.,Oore Ouxlgt T

~1000°F |
1 -

T0% core Toad TOU% core load
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Co=current heat exchangewin thé jet pump heat‘exchanéér implies.
that as the coolant ledves the hegt.exchanger9 it is approacﬁing the fue1
inlet temperature., 4s this tempefaturé increases with decreased load, the
coolant temperature wiillalso increaée; Aléo9 the dbolgnt temperature rise
in the primary heat exchanger.}s propbrtionai to4the power, The.net result

ié,that the fused salt coolant temperature varies with load as shoun belows

Coolant Cutlet Temperature y

Co
. O-Iant Inlet . . '
: ~ > Ten - 2500F

: . * = t - A
0% Load 50% Load ——e ~ 100% Load

- The average as weli as the maximum coolant;temperature is therefore
increased as the load is decreased, For this reason, temperature of the steam
leaving the boiler tends to increase as the load decreased, To offset this
effect part of the coolant ié by-paééed éround the boiler to maintain the |
steam temperature constant leaving the boiler,

Superheating of the ste;m is done by circulaiing the blanket fluid
directly to the supefheaterp As this fluid is pumped with conventional pumps,
it is proposed that the superheated-steam temperature be maintained cbnsyént
by varying the blanket fluid flow rate as the power level varies, |

| Summary of Control Reguirements - This reactor is self;regulating due
to the negative temperature coefficient in the core., The operating temperature
of the core is fixed by tﬁe concentration of U233 in the fuel solution, A

As the load on the generator is decreased, the steam flow rate is

decreased, maintaining throttle conditions\the same, Since the primary coolant

and blanket solution temperaﬁures vary with power level; the following two




controls are required to maintain throttle conditions°

1. The temperature of the steam leaving the boiler is regulated by
automatically by=-passing part of the coolant around the boiler at reduced
loads, At full load, no coolant is byupassedo é .

2, The throttle temperature of the steam is held constant by eontroll-

ing the pump rate of the blanket fluid through the blanket\and superheater°

9,0 MATERIALS OF CONSTRUGTION |
Pue to the low solubillty of uranium in biemuth;'critioal mass mst
be kept low and thus nuclear poisons in the core must be mlnimizedo For this
reason, graphite is to be the only structural materlal in'the core and blanket,
Other desirable properties of graphite are: [ |
1. Ability to retain struotural qualities at temperatures of 1500?Fo
2, Good moderator,
3, No mass transfer problem,
Aa' Relatively inexpensive,
5. Impervious to molten bismuth, B
6, Not subject to corrosion and erosion by molten U;Bi flowing at
10 ft/sec at temperature of 1500°F,
| 7. Ability to withstand moderate pressures,
8. Fabricable, |
Although more derelopment'work is required before the large core tank can E
be fabricated of grapnite,~this is not felt to be an insurmountable problem .
(See page BOLbof reference 3,) . |
' Tne conatruotion of the jet pump heat exchanger“presents many prob-
lems9 due to the fluids, temperatures, veloeities9 and desired lifetime

involved, As a long-term nrospect, molybdenwt appears to be the most



promising material of construction, Moiybdenumuis compatible with both
molten bismuth and the proposed fused salt eutectic, It has the necessary
high temperature stféngth characteristics, and is #ery'fesistant to'corrosidn
and mass transfer, Unfortunately, at!the'present state of dévglopmentg the
faﬁriéation problems and high cost associated with mélybdenum ;re prohibifive°

Graphite is another possibiiity as a material of construction for
the jet pump heat exchangers‘providingwit can be ghown that erosion is not
too severe at the velocities involved,

Graphite would certainly be less,costly.than molybdenum, but,cpn@‘.
siderable development needs to be done in the field of fabrication and leak-
proof seals (graphite tq graphite and graphite to metal), |

If the jet pump heat exchanger were to be constructed of materials
presently available and at a sufficientiy advanced stage of.developmentg it
would likely be made as followss

A1l parts which are in contéct exclusively with U=Bi would be made

of 446 stainless steel, ‘This would include the riser from the

core, the lower part of the settling chamber, and the return line
to the core, The lines containing the fused salt eutectic would

be made of Inconel, The mixing chamber, which must come in contact

with both U-Bi and fused salt, could be made of an intermediate

alloy such as 316 stainless steel,

However, it is expected that corrosion and mass transfer problems
would be severe in such an arrangement, and it is thereforé not likely that
a sufficiently long lifetime could be attained to produce economic electric
power, For this reason, this reference design must be regarded as a long
‘range project, with much development work to be done,

To minimize corrosion the boiler should be'made of Inconel, but the

cost is prohibitive, The 400 series stainless steels order to contain the

the fused salt will contain the fused salt, but for a reduced lifetime,



The superheater could be made of Croloy - 5 - Si, a low chromium

steel, A carbon steel pressure.vessel,ﬁill surround the enﬁire reactor,

v

10,0 ECONOMICS OF THE PROPOSEb REACTOR
The reactor proposed in this referénce design is éimilar in many
respects‘té ihe IMFR, For this reason all :capital and operating costs Qére'
estimated by extrapélating from the figures published in Referénce 3 Ex-
trapolations were made by ﬁultiplying the LMF& figures by tﬁe ratio of ‘the
net KW outputs raised to the O,6ﬂpowero' As our chemical processing scheme
very closely fesembles the one designated as Scheme A in thé above report,
figures from that report were used, | Co o f ’ B
Interest rates used in computing caﬁital cost were as follows:
1. All depreciating capital investment charges, with one exception,
were computed at 16 which corresponds to an eipected life of 20 yeafso' The
one exception is the Chemical Process Operating-Equipmeht which was computed
at 21%, corresponding to a life of 10 years, - '
| 2, Liquid metal inventories w§re~cons1dered to be'nonndepreciating‘and
 were computed at.lz% per year,
3, The U-233 inventory was charged at 4% per year;abased on the latest
AEC regulations,
As shown in the following table, theée_figﬁres result in'a final

cost of power of approximately 6 mills per KuH,
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TABLE 1
Item Investment Interest Yearly Unit Cost
Rate %/yr Cost %/hr Mils/Kwh

1, Plant Investment 28,000,000 16 . 4,480,000 2,13
Not Including Chem, . :
Processing, Reactor
or Boiler : _ . L L
2, Reactor and 18,000,000 16 2,880,000 1,37
Boiler Investment o o
3, Chemical Process- 3,000,000 16 480,000 - 023

' g Invegtment Business . : S L

Lab and Opérating 3,800,000 21 800,000 i g38

: _Equipment = ' :
Lo, Chem, Processing —— m— 2,600,000’ 1.24
and Operation - 3 .
5, Station Operation - =-= F = - 694,000 - - 03
and Maintenance . , : ,
6, U-233 Makeup(Breed~ === —— 1,100,000 - 052
ing Ratio 0.98) : . -
7. U-233 Inventory _ '1,650,000 4 ~ 66,000 403
8, Bismuth Inventory 1,040,000 12 125,000 206

TOTAL : 5.99
Notes Items 1,2,3,4, and 5 above were obtained ﬁy extfapolating the figﬁfes'
given in B and W AED-501, Extrapolation was made by using the ratio
) of the net KW outputs of the two reactors raised to the 0,6 power,

The above table shows a 1owér final cost than tﬁgt oﬁtained for the
IMFR due mainly to the fact tﬁat.our design is based on a larger power output which
results in a loﬁer unit cost on capitél equipment, |

One of the major objectives in thié project was to reduce the
inventory of uranium and bismutﬁo However, it can-be seen froﬁ the tabulated
figures that the inventory charges are of such smalllmégnitude that no appreci-

~able saviné in power cost is possible, -

S1ight reduction in net uniticost may be achieved due to the possibility
that our priﬁary heat exchanger may be less costly to fabricaté than the con-
ventidﬁal shell and tube heat exchanger which it reblacese Any sévings here
would probably be offset by the increased cost of the boiler which might require

higher alloy steels to contain the fused salt,

.....
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' 1,0 PHYSICAL PROPERTIES OF MATIRIALS USED

' . Bismuth
Melting Point
Boiling Point

. Specific Heat (8L2 °F) -

Thermal Conductivity
Viscosity

Density g/cc’

10507
984
9.66
Graphite
Density
Specific Heat
Fuoed Calt

" Density -

Specific Heat

" Viscosity

Thermal Conductivity Btu/hr °F

9066
8.89

. 520 OF |
- 2691 op
0,036 Btu/fOF

-

| 8095 Btu/hr £t OF

. '1028‘ CPo

- Temperature °F
520
8L2
1112

Ny 1.78 g/cc
00402 B'éu/#' OF .

-

103 #/£t3

0427 Btu/# OF
leéfép |
aTemperature Op

286
700
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Pt

Thermal Neutron Cross Sections (590 °C)

Material

233

51209
o12

1232
23l
0235

U236

1233

: -

305

0,0167

' 0600167
- 3.65
L8
358
3,13
52
1043

Fissioh»Products

51
Sy
N
L

19,285
13024

11306

1062

gy

278

oo

3

302

S r R

802
9 .
La8"

: 13
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2.0 PHYSICAL CONSTANTS IN CORE

2.1 The bismuth flow rate thréugh the core is a function of
power output and temperature'rise'across~phe core. For 750 MW of
heat and a SOO‘°F'rise across the éore, the flow rate is given by:

(750 M) (30 m&i_x Btu/#oF)(B—— OF) = 1.122 x 105 #/hr

. 2.2 The flow area. and number of tubes requlred per pass for
the two pass arrangement w1th moderator to fuel ratlo of 1 is cal-
culated from core diameter and fuel - channel dlametero
Flow. area per pass-(l/h)@T)(R2) = Cﬂ7(32)/(h) = ;oéé-ft'
. Number of tubes in core per pass E'(7.,069 ft )(1hh 1n2/ft2)(h/ﬂ1,5 )

= 576 tubes.

2.3 The bismuth flow velocity is now éalculated from the

above parameters°

Veloc1ty“(1oh22x]0 #Bl/hr)(31237?53)(-35535375;)(-—63§——Q3
' = 9013 ft/sec

2.4 The total pressure drop across the‘core consisfs of three
major factors which are the density difference in the two passes-
which produces a negative drop, the friction losses ihclgding exit

and entrance losses at the top of the reactor; and the turniﬁg

-losses in the bottom header. The equation for the pressure drop '

across the core is given below:
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AP b= n1) Ajoqg &?_ f *L K K 2 / cv2025
< gg 2gc . Dg_ T Tet Ve ¥ ALV
Dy = core height = 6 oo

L s denszty dlfference in two passes of core = 7 1b/ft3
v s flow veloc1ty in eore = 9,13 ft/see

o - frletlon factor in fuel channel = 000031

| o
00

total flow length = lh fto

‘K. and K e contraction and expansion coef‘ﬁeients
. 8.0.04 and 0:16 respectively

c :jurhing loss coefficient = 0,008 P

[HW_“.L(O :0031)(1h) o.oh . 0.16]'._

AP 2 - 'W(?)“,) + (322
, (2(612)(0.008)(9.332°8) . ..

(612)(9.13

AP = 12,59 1b/in?

3.0 NUCLEAR"CAchmwfor&s |

3.1 Prel:unlnary Nuclear Calculatlons B |

3.1 Breed:.ng Ratio. == For the prell.m:.nmy calculatlons of the.‘

effect of moderator to fuel ratlo on the breeding ratio;, a s:.mple

one=group method was used. For this case the breedlng ratlo may be:= '

expressed as: | A
B. R. = [Er\%’if a]fb"

n = neufrﬁns released per absorbtion ‘;‘1an233

total p233
a = a T ZLa.

T Ue33
2.
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fb.a'U233 atoms produced (net) per neutron lesking from core
Example | |

233 concentration :‘600 ppm in Bi.

Ve /¥pi = 1.0
0,00236

o

0,000746

i

0,0002363
2 2.31

Sewsaona

td
=)
°
L]

(0,60236L~ db0007h6) o
[2°31 = 1 = T (0.0023L) ] £,

i1}

B-Re =2 1,179 £, - Ll

NOTE: ' :
Although fb-is known only approximately these calculations

§how a trend in B.R. with Vc/VBi°

3.12 Critical Mass and Core Radius =- The preliminary caleu-
lations for the effect of the moderator to fuel ratio on the critical
mass af constant breeding,ratib and to determine the effect of fuel
concentrapion qh core radius were based on a modified one=velocity,
two recgien model. Thege calcuiations were pérformed foi spherical
geometry with the core size for the actual right eylindrical reactor
determined by equating the baré core bucklings.

The model'emplo&ed‘can be expressed by the following relétions:
Material Buckling - '

Y 3¢ ‘

‘S?f‘“ Péf[ 1+ Be(Lg + Ton ﬂ“l sl (function of core only)
a : .
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Geometric Buckling

c(BRScot(BRs) -1l) == nb[KbR,cotﬁuxb (Rg - Rg) +1]

g o _22b
b <. TDay

For calculationvof,ﬁs'
(T/Rg)2 = T /Rcy1)2.+'1(i)'/2hcyi)2

Rg = Ry37/0.917 where h= Rey)

To calculéte the critical‘ﬁass as a function of the moderator
to-fuei ratio at constant breeding ratio, the fuel concentration

for various moderator to fuelbratiOS'COrrespondiﬁg to a given'
Eanfféfe picked from Fig9. The cfitical mass was fﬁép calculated
using the model explained above. Also the critical core radius for
various fuel concentrations (at VC/VBi = 1) ﬁere determined.
Example:

y233 concentratlon = 600 ppm in Bi

Vc/Vm =]

P =1 (assumed)

- Tin = 6Ll cm? ' . _'Ks = 0;0825 em2
12 = 36k on? | Dy = 0,925 cn
V' o=2.5 . D, =0.975 en
ZT = 05002675 - | " (Ry = B) = 9L.5 em

0,002158

4Z.f'

| zT |
2 . vZf - 2a (2 514)(0,002158) = (0,002675)
Z (L +Tt§,) ’ (000023?55(3812-#355’
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= 0,03225
Rg assumed to be 85,5 ‘

BRcot(BRg) = B [KbRScoth Kb(R - R )*-1] 1
BRycot(BRy). 2 - 6.6L |
BRg = 2,75

= 85,5 (check )

3613 Heterogenéity Caiculations -~ The reference de31gn
" considered for evaluation consisted of a graphlte block with
cyllndrlcal holes which are filled with the (U-#Bl) fuel solutlono
It was deslred at the start to determlne the effect of this -
arrangement on the nnclear ‘homogeneity of the system. Sinece the
most important effeect of the homogeneity of the system is on thermal’
ﬁtilization this effect was evaluated by comparing the thermal
utilization of the givén heterogeneous system:ﬁii? the system homo-
genized. On the basis of diffusion theory, the thermal utilization
’éf the heterogeneous system can be expressed by the followiné
relation: ' :
eop L2ar¥3slr
# 3T

The exact expressions for F and E involve the modified Bessel

functlonsg but it was found that greater calculatlonal accuracy

could be obtained by use of the aporoxlmate expre551ons for R and E.
23""[

2
Ry -3 R
—p J,m??, in -F i
2 |Ry =RS R, L hﬂi

E=231+
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E 46" E! . 18
R; = tube radius '
f = cell radius
(,“c,(\lsz: ).,

Thesa relations were used to evaluzts. the thermal utilization

of the reastor which wag then compared with .a homogenous thermal

 utilization.
Examples
U233 eoncentration = 0,02 % vol. |
F . -c® .
2, = 0.0033905 J. = 0.0001l92
F o . ‘ U° 'Bu
Zir ® 0.25393 , S, = 1ho59
' . - ‘n»O .
O
}igr s 0.L0L9 . . Vs i
. g ¥ = 0.3910  Ro = 1,905 em
0, _
SBL 2 Gu2m39 . Ry =2.69%
- tr ’ ;N

Sabstitution of the above data into the above equations gives:.
E = 1.,000036

' F=3,0011712

‘ - 0,000L726) + (1,0011712)(0.0001
1/% = 1,000036 + { & 2000829907 ‘71A)L h92)

f = 0,828 (by-hoﬁogeneous calculation f= Om82h)
As can be seen by the gboveg results, the nucléaf<calcuiations'

may be made by homogenizing the reactor,
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‘302 Fission Pr&duct Poisoning Calculations -

The method ofAcalculating the fission product poisoning used
for fhig report_is the same as was,eﬁployed by BNL in their IMFR
deéiégS,'For this method ; the total fission‘producfs-are‘divided
into tﬁree separate groups;'voiétiles nﬁﬁ'%biﬁ%ﬁi%;fﬁSéd'sait

Alsoiﬁﬁlg s and non volatile fused salt in=soluble. The foilowing
fission product data have been taken from ﬁ,&aWﬂqAED'= 501.
3.21 Volatile Fission Products <= An arbitrary value of 1%
Xe135 poispning was assumed. | | |
13,22 Non Volatile, Fused Salt Soluble Fission Products (fps)
(a) si group  cross sections greéateérihani1000 barns
Y;l 2 10 millimoles
Fa1 T 37,000 be (0,025 e7.) 19,265 b. (590 °¢)
Wi, = 119.2
(b) $é group cross sections less than 1000 barns
Voo 8 104203 millimoles:
T o = 25.L bo (0,025 ev) 13024 b (590 °c)
Mi, = 113.} - | |
3.23 Non Volatile, Fused Salt Iﬁsoluble.Fission Products (fpn)

(a) I, group cross sections greater than 100 barns

T = 59,5 millimoles |
On1 2 218 be (0,025 ev) 113.6 b. (590 °c)
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(b) n2 group cross sectlon less than 100 barns
ynz, - 59'.].05 Millimles

Thp 2 31b. (0,025 ev)  L.é2'b. (590 %)
M, = 97.8 | |

For thes'e'célculations, the following expression for poisén
fraction was used: (this formula negiects fission product de,cé.yp

but except for very:smail processing times can be néglectedw)

0 =average cross section for fission product'group
¥=y x 1073 poles
¢, “chemical processing cycle time (sec)
3.3 Iaotope and Pa Bulld Up
3°31 Blanket
e 233 . . bt
(a) Pa and U build up --=. The decay chain for the

production of U233 in the blanket can be simplified to

( ny X) | (nyd)
23k Pa23h

Tt was assumed with negligible error that as a thorium-232
atom captured a néutron it immediately becomes a ﬁﬁptaetihiaﬁ$23ﬁlh
atom. For this condition, the steady-state build up of Pa and 233

become:



Nig _ o c(02) § -

Noz ~ a-c(13) §¢A13+ (T7Ep)a

N23‘ 0 (02) §>«13
[0'(13) 8+ A13 + (l/bb)a] [a‘(23) § * (l/tb)b]

$ = average thermal flux over blarket and external system
.Kga decay constant for Pa233 nﬂ@iei -

tﬁ = chemical procéssing,cyélénfiméz

"ayb ® accounts for the type of.précessing.scheme in which

some of the Pa and y233 is fed back to the blanket.

(v) Isotopé'buildmup ==. At éteady‘étate énd with continuous

chemical processing, the build-up equations for uranium isotopes Ung

- 235 ‘
U and y236 can be written as:

o NaL - : ._0—@(23) _
P R AN VE

= st o N2h 0‘“2(2)4) .
53 N'23f N23 0 ,(25) * a/oty,

o 26 st o g(25) -
0(63' Na3 “23 63(26) + afot,

3.32 Isotope Build Up In Core --- The isotope build-up -
in the core will depend;on whether the uranium feed to the core is :

100% 1233 op the composition as produced in the blanket.
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(2) For the case of 100% 233 feed, the isotope build-up -

equations at steady state become:

G | .

N25 - d‘c_(23)
Nay 0,(25)

Wy g (23) x g=(25)
Np3 ~ g,(25) x g, (26)

(b) For the case of feed with uranium of the blanket
comp051t10n, the 1sotope bulldeup equations become at steady state:

Nzu,, 0'(23>+ a(h3o;(23)

i N23. - 0" (2)4)
My ol (234 7,(23) [o(h3+ 0(5;]
N23 ' o"a(zs) ’
Mg Vas _0u(25) B RO I

Xl : ‘
st g a(26) 63 7 ,(26)

3okt - Final Nuclear Calculations (two group treatment)
After detefmining the core pa-rametérsb by the simple prelimi=-
nary caleulations it was desired to.investigate the following

blanket parameterse.

" (1) Blanket thickness versus breeding ratio
2
(2) Blarket y°33 concentration versus power ratio

(3) Blanket Vn/Vp: versus power. ratio
C/"Bi :



' tzillla

It was realized that this could only be done adequately by a °
. two group treatment. The two group method employed was based on -

the following dlfferentlal equationS° :

OORE . Rcv @lcf ' ZRc¢lc B 'V Zfzjl 2ezfc ' ,z'Re N Dlm/T®
v ¢)'2g::+ 2264)2@" c Ro¢)lc
BIAKET  =DypV ‘!’15-*2&4’15 ) sz%@zb % Twe re/%

Vb t S P ° PoIpyPiy

These equations can be solved on the ORACLE at ORNL ia spherical
geometry. From this method eritical fuel concéntrations s flux |
- distributions, (fast and .slow); and complete neutfoh,bal.ances were

obtained directly,

3.41 Fermi Age Calculations == To ‘determine the. age ‘from fission
{"' o to thermal energies for the nuclear calculatlonsg the method in

“Glasstone & Edlund was used. Assumlng a ﬂux dn.strlbu:tlon of l/E

the Fermi Apge becomes:

”Jm% “eh g(uiu du
For the purpose of éalculations the kreg-iOn between fission and
therm-él was ﬁro_ken into three parts; then the appropriate constants '
N evaluated for each region. Using this method, the Fermi Age equation
becomes:

T =-911A7”-+ '-“—EE%A + =2 An
G S P IR Y



D; = diffusion coefficient for region i

: total macroscopic cross section for region i

M
o+ B
03

? 2 average gain in-'lethargy per'collissian

- 3.42 Resonance Escape Probability == To determine the resonance
escape probability, the method from Glasstone & Edlund for homogeneocus
mixtures was used. Assuming a flux distribution of 1/E; the resonance

escape probability becomes:

du

For the purpose of calculations, the’energy region between
fission and thermal energies was broken into three parts; fhen the
appropriate constants evaluated for eéeh region; By this method, %he/
resonagnce escabe probability equation becomes:

e l 2 3
pa e}Cp[ ="é"’1-' '—a*_:hA’ Q_MZ’Au‘

| $2y 522 553

total macroscopic absorption cross section for region i

08

2
=

§ = average gain in lethergy per collision

total macroscopic cross section for region i
- . t

-3.43 Estimation of Fast Fission Factor -=- For the purpose of
estimating the fast fission' factor, the model for a bare reactor
with fast leakage énd monoenergetic fission neutrons was used. The

expression for the fast f1$81on factor fbr this model may be glven as:
E p(a..u_'ﬂ) Q-8 Te~ur)
<8 *Tlo~w) . -
€= f "Youy Pro~1) € du + T3 (+[B*)
Z;h Plo—~ut*) e~a‘t<é4w**) [Z:"(H-L"B‘)] 2
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. For the purpose of calculational simplicity, the intgyvai to

Uy, were broken up into tﬁyeavgroups, and average Cross sections for
each group used. From this the fast fission factor is given by:

t‘b
th £

| . ; _B*Tovw) : tz—(.—u) 2. P e , ’
yp(o u.,)e's T‘Z'Z:',) FoReO=G)E  dUy  FRLPEL)E gy f—‘a——g—)—z N |
€= ‘ h e’ : ,
Ie Pt et [T 178*) ] '

3.5 Temperature Coefficiéﬁt Calcﬁlation

For thé purpose of determining the~temperatﬁre coefficient of
the reference reactor, the simbl; oneagroup baré.model épproximation
was employed. The multiplication:equation for this cah be expréésed; :
by |

ks Vif P_+¢
P8
2a ML

then the temperature equation becomes:

Sk e 193 1 JdJg 1 J(+1%8%) 1 g1 J]
IT “[zf it T I e v - s *gJ Y T

where

(1) (1/e)6 elsT) TWBR4T) + BRETT)

(2) (1/p)UDAT) = AUWB/HT)+3 GaukT)  WBHT) =
(/p )z * |

) W2o/im) & 2 MEOHT) - Guaip)d i)

3-8

(L) (sz/‘i). ® W 0T - ONa /Ry,
(5) [Ja41%®) f1] = 21y v (0'132/”)
(6) (lﬁf)éffﬂfT) =0 (assumed)
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(1) (JB"’/;@) s 2B2a(_
(8) €y = AL, |
(9)  TAT) 2 (T /ou,)dankT)
(10) (JA‘u/JT); 3/cr
Q1) (Soghm) = - (03/2T)
EXAMPLE: Reference Reactor -

- Material | S K = (l/,?")U/AfT) .

" Carbon ' . 6 x 106/ °c
Bismuth | . 15 x 108/ o¢
0233_ 0 (aséumed)
2 .
12 = 502.3 _ ZfUa N, o-;U. & 0.001553
T = 566 | B2 & 0,000985 -

By use of the above equatiénss
(1) (1/e)dehT) = 65.2 x 1070
(2) (1/p)pHT)

(3) (JZ;/JT) =1.2L3 x 10
(L) GZHT) = <0.9698 x 1076
(5) Jr12B2)ffT = -5.9L x 10

21.3 x 10°8
<

06

a0 .

0,9698x10°  1,21,36x106 5,94 x 10°6
0.001553 " T B.002008 T T3 (%02.8)(0.000555)

Ik
gT

| 1.3 x 10 - 65,2 x 106
GKMT) = 9 x 1075



3.6 Referehce Reactor Calculations

3.61 Reference Reactor Data
h | | (1) V/vg,(eore) =1
(2) a=3 rt.
(3) T (blarket thickness) = 3 ft
(L) Vc/V
(5) 233 coneo in Bi (blarket) = 300 ppm

fuel sol(blanket) =2

(6) Th conc. in Bi (blarket) = 10% by weight

i

(7) Power (total) = 770 Mi (heat)
_ (8) Poison Fraction in Core and Blarket = O;OS (assﬁme)
3.62 Oracle Results |

, _ (1) U cone. in Bi (core) = 285 ppm
- (2) Resonance Abs. in Blanket = 2,968

(3) &L = 0,628

(L) A%, = 3.593

(5) AL, = 3,163
| " (6) €5 = Lolls
- (7) €¢ = L4035

(8) ¢B 1,49 x 1084
(9) g =2.71 x 1015

3.63 Power Generation in Blanket

Py Aop€p 50,5225)(101;1;5) f
TB—C Ac'ﬁc - 3.0483)(1.403 ] 001’85

PB/PT i 1506

PB= 120 MW

L
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3.6ly Breeding Ratio: (Neglecting Pa Loss)

_ gy - (€5 NG+ L

23 23
2c et A% {'B

BasR. S

(A23) (AF )/(305)  (3.163)/(1.05) = 3,30

(A23) e (A 5)/(1:05) = (0.6225)/(1.05) = 0,593
' A ZTh
Z Z% ZBI

(T = (3.593 - 0.63)(0, 928) = 2,785

(A D) . (ATB AL

2,968- = (1.1455)(0,593) + 2,755
(3-30)(2.4035) + (0.593)(1.LL5)

B.Ro = 00997

B.R. &

3,65 Blarket Processing Cjel@

p 5 120 Md Agsume: 10 Liters/Md of heat
VB =2 10,8 % 106 ce ‘ anEn 2 .20 x 106'33
' s 0.90f

W (gt Vyg.) = 0905

S(p+mr. © Pp0:905) = (Ll9 x 10t4)(0.908) & (1,35 x 10%Y
<N2§/N02)°' 2,65 x 1073 |

w3 r02)d Aq;
N2 (7 BT F Aggr a/{:B)(J (23)@ ¥ b/t

N3 L (368x 10“”‘)(1.35:: 10203 xaoly
Nop [(52)(1035&10*”1& 2.,93x1@°’+ oozs/fgji(scS)(lzg‘smae Ot 0,285/ 5 |~

' N23 C h5x10°17 - = N
a8
Np - (31077 + 0.28/t ) 0eli2221077 + oozes/zB)




L A

 fssuming tp until Nps/N, ® 2:69 x 1073
ot ek days (33 20° gec) -

/

3466 Protactiniun Build-up In Blarkets

M3 m(23)§ - vt
23 : i13 A-

Ny ;,(BOEiioazh)(lgpf
N23

<N13/w23) 5 o,mu . -
P (abs in Pa/abs in: U in blanke'h)g (NlB 13)/( 23 23)

= (0. h6h)(52/305) g 0.0792 '

'P' (abs in Pa/abs dn U cep) B (000792)(0.156) = 0.012

3067 Isotope Bu11d=up In Core

(Nz)/Na3) = a#@(zs)ﬁagzu) & 27/L8 = 0,563
NogfNyy = 0’—523)@(25) 2 27/358 = 0:0754
Not/Na3 B T2 Te(25)3(25) O (26) = (27)(56)/(358)(31)

| 2 1»335
ch/23‘s- éhcr'(2h)/N 30”(23) = (0 563)(L8)/(305) & 0,0BBS

Bs/23 ° 23 Zalze );-Z(Og%z; L = (0.075/305)(358 - 2osm303)

. 8 ='0,101

P2672? :.Nzga:a(ZG)/Néécﬂé(QB) T 1.135(3.1)/(308) = 0f0137

’ Pnét a 000012
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3¢ 68 Fission Product Poisoning in Core & Processing C‘y'clhe“ »
Assumed: | | ‘ l‘l.
(1) Volatile fission produ;:tSz | Pl " 000].
(2) Soluble fission products P2 & :o',oid
.(3) Ins:olu’ole fission prodicts’ _P3 .c 0,04 -
Réquired Processing Cycle ’ | |
@c.“ 2,71 x 1915 N Yo/ Ve a 002l1
P = 655 x 1014 .

R S S Y - R
P, 2 0.0 m@?—@.&i&_ ..In2_=.nz_.,c_.n~_._
3 LU T mfete | "t Onz@cte

o Y(113461072hy 1y -
000l = {0:0595)(113:6X107 1) (6.55210° 0y ¢ ¢, 1.62)(6.55)x16%0
T 1+ (112.6x107%)(6,.55x10Mh) tir (10%2)(62,'%% x10-10

bb2x10? . 0.63x1070

0.04 & ; ) X y i
MR NPT e 1 L06x107k .

Assutriirig”tc‘ until P3 a 0,04

to = 174 days' (1.5 x 207 sec)
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4.0 DIRECT CONTAGT EXCHANGER PERFORMANCE

4.1 Pumping Performance of a Disc Type Liquid Liquid
Jet Pump. | ' | | |
o The ba51c equation employed is that for a EEBEEE 11qu1d
11qu1d jet pump with cylindrical m1x1ng tube (4 )o
/g E«jvj $ WyVs = (Wb wj)ﬁ = AtEpt ¥ Zt) = (pg ¢ zj
i} ' Q is volume rate of flows cu ft/sec ' 5 f
‘W is weight rate of flow, 1b/sec '
- | V is average fluid velocity, ft/sec
‘K is area ofimixing‘tube'créss sectibng'ftQ
p is pressure, lbs/ft? |
g is acceleration due to gravity, ft/sec?
z is,elévation of meashring sgcpibn ahove:grpitrg;! datum, ft -
yefers-tb entrance end of cylindrical mixing tube

refers to drive jet ( fused salt )

1€

refers to suction finid.( fuel )

1]

-

T | ‘ ~ %trefers to the outlet end of the mixing tube
Assumed constént‘valuegx
| V; == 10 ft/sec

Ps == lb.7 psia

V4 ==20 ft/sec (coolant velocity in downcomer)
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ms——

rm = h fto ( radius to m.nng tube exit )
r 4= I.28 £t K radius of drive line dovncomer )
Z¢ = 0 |
AT, s SOOOF" ( fuel temperature drop across exchanger )

P 4 75 M{ ( reactor power generation, heats core )

Sample calculation for a coolant temperature rise of 250°F and

a Jet velocity of 75 ft/sec.

w = (750 i) (103 Kw/Mi) (3413 BTU/RW HR)(LB@F/.036 B‘I‘U)(l/SOO F) x
HB/3600 sec)

Q :sz /P s
W = 40,000 1B/sec W,j = 10,560 LB/sec
Q‘; = 6L.8 cu ft/sec . Q = 102.4 cu ft/sec '

S

Assume that rj = lo5 T = 1.92 ft (radius to disc jet nozzle).
Now considering one=half of the jet pump it is seen that. .
&S - 3?2’4 i ( Cross sectional area o’f suqtion exterior to jet )
& 5= 0068 i‘tz - ( Cross sectional area of jet )
A,é = 3092 £t2 ( Cross sectional area of mixing tube at
entrance(and exit) é,a@ss;:un:"uig a cylindrical
] mixing ctube.'fo_r one-half the total flow )
vl may now be détgrmined for the hypoiheticgl cylindrical tubey..
V., = 203 ft/sec e |
With the ’pasié formula for the linear jet the change in pressure
across the cyl:‘i:idriéal mixing tube is calculated to be

A p' = & LSLpst
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The cylindrical mixing tube is now related to the actual
radial mixing tube by expanding the exit area of. the former
to equal the cgrresponding exit area of the latters The
determined‘By the use.pf"the\actua} area of one-half the total
area of theAmiking tube exit for the design jet pump.

0 ' 2 ' ‘
A, = Ay (ry /rj ) = 8.1 ft
V, = 83.6 ftd/sec ((1/ 8.1 £2) = 10.3 ft/sec

T_-hé decrease in velocity resulting from the expansion of the
mixing tube exit is accounted for as an inc’r.ease in pressure
across Atl'_le mixing tube,p p" .
vi2 - v,2
28

Pn = 1610 psf

wherep_m is the e;tmated average denéity at the _mixi'ng”tube exit
Aca‘lculated from the ratios 4of volumetric flow rates
on the assumption that complete rriixing has accurred.,
Thus the actual rise in pressure across the mixing tube equals
AP+ Ap" = 2061 psf
- Since the change in velocity and pressure across 'the, mixing tube
has been detezmiﬁed s the total change in heéd for each liquid

- may be readily calculated.
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Change in coolant head” , -
| due to velocity change =~ 8830 psf: (loss)

due fo'préssu;é change. = 2061 psfﬂ>‘(gain)

Net change . 6769 psf -(16§§)

‘Similarly, the net gain in fuel head is 2119 psfs N

The theoretical"méchanicai efficiency is defined as thé“rater at
whicpmmechanical enefgy is added to the‘guétiog flu%@ldiviﬁgd by

‘the rate mechanical energy is:lost by the drive fluids Thus
effo = 100 x Wy x gaie in fpel head o
W, "X 1o5S Tn coolant head

Twmn v eepat omaw m v mee e w e e s we

For the above example the efficiency is_calculatedlto.be 20 % .
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L2 Heat transfbf in fhe‘co=curren§.flow of two immiscible .
liquids == Gurney-Lurie Approximatioﬁo .
- Consider dropé of Fuel as spheres surrounded by a
coolant medium at constant ﬂgmpgraturea For a giveh dfop size,
initisl tenperature difference, and contact time deterntne
.~ the proper solution\to the unsteady state heat transfer
prob}ep~by;embloying the proper Gurney-Lurie chart (9 ),
In actuality the coolant medium is not at constant temp- .
erature but is warming from zero contact time. The'
assumptﬁon_is made that the actual temperature difference
after é_specified contact tim; will be the averége of the
two values obtained by taking the initial temperature

difference to be 500°F and 750°F as: shown in the sketch

below.
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Sample calculation:
Considef t@ghcgsg\wherg‘ _ o _ .
‘ _gonfact time is 0.2 Séc ( 0;556 X ioih hr )
:rm;»drép radius is 0.06%
h is 2500 BIU/ MR SQ FI° F
drép'center is rgference point for temperature,
The chart abcissa, X, is evaluated by the formula

* k x contact time

=
=

X = 0,902

density x ¢ xr 2
o) m

k = 8.95 BTU/HR FI°F j |
- - . density is 61l LBS/FT3
.C = 0:036 BIU/IB °F
. - poc
This value of X together with a value of n equal to zero and_
a value of the "’resistancé ratio " of 0,716 is used to enter
the ghaﬁto The corresponding valuelof Y, the ordinéteglis
0,08; Note that the resistance ratio, m; is defined as

thermal conduct1v1ty of the sphere materlal
drop radius x ﬁeat Transfer coefficient

Thus 0.08 equals the final temperature difference divided

by the temperature difference at zero contact time.

is 60 FoéﬁT(lower)s correspondlng to an 1n1t1al£§T of SOO Fyis hO Fo
' Therefore T at t equal 0.2 sec is 50%. '
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 Lo3 Prediction of Heat Transfer Coeff101ents for Moving SphereSe

_ The basic forrmlla used 1s

0.6

st = 002336 Re"o"3 sc™0 " @ee reference (70 )o

st = h/density x Cp x Velocit.y
S¢ =  viscosity x C, / k
‘Re = : drop dlameter x Velocity x density / v1scosrby.

Salt properties*

9p == 0,27 BTU/LB F © density == 100 LB/#T3

- 0975'BTU/HR FI°F viscosity == 3,87 LB/HR FT

e e e

- ' Note that the value of h depends upon the drop size of the i‘uel

" and the propertles of the coolant,

For a fuel drop 001" in radius and a relative velocity of

t

2 FT/SEC, Re équals 3100, Sc.equals LohO o The solution of the

2 0

bas1c formula for h gives a value of 3300 BTU/HR FT™ "F,
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\

ho).l Calculation of the Terminal Velocrby of a Fuel Drop

Falllng Through a Medlum of Fused Salte

At the terminal velocity, drag force equals driving forceo

' Drag force s. Cp X salt density x 2 x V2/2
where Cp is taken as’ Oalilye S e,

Driving force = L/3 x > x salt-fuel density difference x go

Thus V, the terminal velocity, may be expressed as
| . ;. |
V= &»99 x (1"‘91nc:hes)2 x ( no, of g's ) o : -

For the case in which the drop radius. equals 00062 % and the

g;avu_.t;a?iqnal acceleration equals 32'02 F‘I‘/SECZQ the terminal

velocity is 2.2l FT/SEC.
_ In like manner the following expression for the terminal

velocity of a salt drop falling through a medium of fuel may

be derived:

y 1 | 1 » |
V = 3.67 x (ryinches)® x (no. of gls )2 | | » -



LS5 Calculation of the Diameter and Angular Orientation
of the Fuel Setﬁliﬁg Chambers - . o o
_ The calculation for the reference design{yielded a‘vélocity
of 10,3 FT/SEC at the miﬁngtﬁbe exite Tt is a‘géﬁmed that the
linear velocity'is converted to a Velbcity of 10 FT/SEC in - ; i
ciféular motion at aﬁ average radius of fiVe féeto Thus the o
centrifugal acceleration developed is 20 FT/Sﬁczb.The
rggul?apt_acgglération, asfshow by the following sketch isv

1,18 g's at an angle of 58 degrees with the horizontal.

06
A,

JL@" A

By use of the formula developed in part L.l of the Appeﬁdﬁx

the terminal velocity of a coolant drop rising in the fuel is

. 1.0 FT/SEC ( drop radius equal to 0,062™ ). Thus ‘the eritical

. . ! .- -
downward velocity of the fuel is taken as 1.0 FI/SEC so that ,

unger_the simplified assumptions made, the coolant w?ll npt bgA
carried into the core if the coolant drops are larger than the
given valueeo ' |

| With a total fuel flow of éhos'ﬂB/SEc the area of the top

of the fuel settling ring corresponding to-a ﬁbfhél flow velocity

of 1 FI/SEC is calculated. The thickness of the ring at its top

155106’FT’ measured normal to the tube wall. SRRRE

[
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Although not indicated 1n Fig. 12, for the downward velocity to be constant -
“at 1 FT/SEC, ~‘l:he''i"i"f-l'l:gv'1ih3.c:kntésé; migt beﬂr:éc'i‘uced'"a‘si the. inner “radius T_ifﬁdi‘ééseso
o6 Heat Transfer in the Counter‘current.i:?f :»f‘cﬁ of*Two Imnlsciﬁafé‘s"'i '

Liquids == fMQdified' Heat Transfer Coefficient Method.

Consider a parcél of fuel fluid which.is subject to a temperature
drlving f’orge wh;".ch varies with times The problém is treated as a |
syQady__I§§ap§_caée _by using a log mean temperature dr:.ving forces
The basic equation is . /@ = U KAT, ~ where

Q is the heat in BTU wh:.ch is avallable in the fuel dropg or
some fraction of that Heat. |

e 1s the contact time in seconds,

U is an effective coefficient of heat transfer

A is the outside area of drop

A T’lm is the log mean temperature driving.force.

@0 Calculate the average area of heat transfer,
‘ghﬂ’rxl;ﬂ  ar o 8/3rR?

b°'Qa1cu1ate the average path for heat transfer by conduction.

D R |
1, = 4 Lfsrr3 (R er) dr « 1/5 R
M )?ééﬁég,rr3 ’ _

o
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o Calculative the effective coefficient of heat transfere

= 1/h b I lm’BﬁzR‘z' = 1/h % (1,, ) ¢ 3/2’)
T

For a value of h equal to 2500 BTU/FR SQ FT' Fg a value of
k equal to 8.95 BTU/HR FT F, a contact time of 003 seCo,

gng:_a_‘_._d.rqp radn.us of 0.10% the f’ollowl'ng quantltles are

- obtaineds: . ah 5
‘ A = 8.73 % 10 FT
U =-1h7o BIU/R SQ FTOF
Q = .0268 BTU ( based on a 500 F temperature drop )

'A. T"]_HI:'ZSOF

de Evaluate outlet fuel temperature less inlet coolant temperature
given that the temperature drop in the fuel.is 500° F and the

temperature drop in the coolant is 250°F.

AT = (Tp =Tep)=(Ty, =T, )

- T '
o (Tm _ )
( TFZ = T'Cl )

Too Teg = W5TF
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h:7 Pumping Performance of a Fluid Contacting Centrifugal
Heatugxcpangerf | '
The basic equation assumed is: mcvc"'«g- -"Mfo = (M, +Mp) v
where . 4 _ J
‘M_is the mass rate of flow of coolant, LB/SEC
M, is the mass raté of flow of fuel, LB/SEC
V_is the velocity of the incoming cooignt, FT/SEC
V, is the velocity of the incoming fuel, FI/SEC

f

Vt is the velocity of fuel and coolant after mixing..

If Vf is taken to be zero and the above equation solved for the:

velocity of the‘incoming coolant; the result is
LV = (LaMM) v, —
Iq this derivation it has been assumed that there is little‘cpange
in the pressure due: to mixing. If the fuel liquid is considered to
bg_rgtatipg in an éhnular ring at the Velocity Vt ( losses neglected ),
the number of gts of centrifugal acceleration is given by
Vi/ rg where r is a properly averaged radius
of the annular ring. This number of g"s'may be.thought of as the
fuel pressure head in feet in a standard gravitational field which
is equivalent to ofnie foot of fuel pressufé‘head in a'g%gvipgtipnal
field equal to the.cenirifugal acceleration given abovéo Denote
this quantity by He Thus Vtzyfg = K A '
~ If this equation is solved for V_ and the.resﬁltvsusstituted in the

t
expression for Vc given abovey theAfesult is

o - 1

V., = (Hxrx32.2 FI/SEC? )*. -~ - and
v 3
C

ig

‘ ~ 2
(1 + mf/mc) ( #xr x 32.2 FT/SEC?)
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Sample Calculatlon°

Assume that V_ equals 65 FT/SEC and that the ratio of
coolant flow rate to fuel flow rate is 2, Thus M’/Ef equals 1/3.

Vt is ‘then calculated to be 16 2 FT/SECe’

_.If it is fdrther assumed that the rotating ring of fuel is
OQSVFT'in thickness then fhe'gressure head develdped in.the‘fue;
because of the céntrifugal acceleration isi 0.5 x H'where H is
eeleulated from Vt by the expression previously given and a value
of-g determined by the geometrlcal configuratlon of the exchangeng
If r is taken as 3 ¥T, from-the alternate design exchanger; then
0.5 x H equeIS'loh feet of pressufe heado .

) The velocity head gained by the fuel is hol FT under the assumptlons
made and hence the total gain of head by the fuel is 505 FT. It is
'pelieved that something of the order of 50% of the gain in velocity'
head end»essenpielly»all of the‘centrifugalgpressure head gained .
may be recovered. | )

The theoretlcal mechanical efflclencyg defined as the rate that
mechan1ca1 energy 1s added to the fuel divided by the rate it ds
1ost to the ‘coolant, may be approximated by the follow1ng formula in

which changes 'in centrifugal head are neglected°

eff. fuel ‘weight rate of flow x gain in fuel velocity head
: - coolant weight rate of flow x loss in velocity head

x 100
For the case examined above theé ratio of fuel te coolant weight rates
of flow is 3 and the loss in the coolant velocity head.is 61l.5 FT»

An estimate of the theoretical mechéniCal‘efficiency is_then'ZOﬁL



5.0 HEAT EXCHANGER DESIGN

5.1 Superheater design

Data: Blanket power =120 M.

TubeSm‘p < ] De- = O eo95", Io Do = 00-70 " 9 k =15 BTU/hr"'ftz"oF
Material U-Bi , Steam
’ ' [s) ; .0
Tout . 909 ) .?'009
T 103 880
avg . | . o =
¢p o 0.036 BTU/1b-F . 0.63
Density 610 wu/et3 - 2
Viscosity ' - 2,35 x 10—5 1b/sec~ft
Velocity .10 ftfsee 100
Mass flow 13,100 1b/sec 737
Thermal cond. ' 34.8 x 1073 BTU/hxj-aftzaoF

Flow areas: .

- o o
) _ "Bi-U 13,100-  _ L o2
U“"Bl A"-—m = =l - 2"01- ft
. v (10)(610) 5
o oae (131) - 3.68 £t2
Steam A (T05712) 3
Heat Pfa_nsfer coefficients (n)
 h.. = 2500 BTU/hr-rt2-°F
Bi .
’ . ' of 4 ) S
Steam hD - 0.023(P_V£) @éz) ~ h_ = 580
% R . 5

Overall heat transfer coefficient = 383
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Area and number of tubes:s

T = 180°F

. Q= 113,800 BIU/sec. .
A_ @ - 113,800 (60) - o qam ee2
A~ et - 7,130 % -
) N= %g, = 1,376

‘Holdup of U+Bis
a = heat flow area/ft of H.E. = 252
Volurie = (L}(Ay,) = 60.8 rt3
Mass = 18,5 tons

/

5.2 Water heater, Boiler and First Primary Superheater

Datas
Water Heater"‘ Boiler ~
fused salt water fusedbsalt 'steam :
Tin 2T OB T BTLF ge2’F
Towg . . 700 92 121 592
Q BTU/sec 76,400 o 1155000
AT '27‘ L 1h7 0 |
Af o 10us 5.5
S R T
Lo/t 103 L9 | 103
Ft/sec. 10 20 .30, |
CIbs/ses 10,520 737 10;520 737
k 0,75+ 0,338 0,75
Viscosity  3.87  0.278 3.87

First Superheater

fused salt steam

917°F  592°F .
871 759
.. 122,200
w3
166.7
0.63
1o 855
10,520 737
0.75  0,0318
3.87  0.08L6

A2
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Flow areas:

Water and steam - ' " Fused Salt
. y
Water heater 0,752 £t 10,22 £t2
Boiler . " 3.68 "

Superheater - 3.68 g ' ie

Heat transfer coefficients:

hft;tsed salt = 2,110

AAT: '
Water heaters & Ty = ATy - 4T,
1n (A ;l)
A
o . 2

AT) = 192°F AT, =135°F
AT, = 162°F

First Superheater:

, o

AT =282 F - AT, =135°F
Pa = 9700
. Tlm 212°F

Overall coefficients:
Water heater: U= 938
First superheaters U= 383
‘Areas: ’ ‘
Water heater = 1,810 ft2

Superheater = 5,420 ft2
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Boiler atrea:

UAT, - U,ATy
1n 1872
",‘U2A-Tl .

(va Tlm) = '

U = 938 U, =382
oo s
T, = 282°F T = 135

(UaTy,) = 114,200

Area = 13,100 ft2

Number of tubes

Water heater 282
Superheatef _1376

Boiler 1376 .

‘Fused salt holdupse

Water heater = 357 ft3 = 18.L tons

First superheater= 219 £t3 = 11.3 tons

3

Boiler < 531 ft° = 27.3 tons
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6.0 PROPOSED REACTOR -SYSTEMS

6.1 Proposed Sodium-Water Cooled System With Stationary Uranium
Bismuth Liquid Fuel

i Sup ér
flash | 600 psi, heater

2l

—
1

10° #/Na mif \,_\/

.turbine

condenser

Fig.?27-System Lay Out For Proposéd Na=Hp0 Cooled Reactor

One of the systems that was considered for this study is indicated
by Figs27 . Liquid U=Bi fuel was to be contained in double walled
tubes tﬁrough which Na and H,0 were to be circulated, Water under
1000 psi, was to be circulated through part of the cbre.where it
was heated and allowed to flash down to 600 psi. Liquid Na, Which

was. circulated through another section of the core was to be used

for superheating;
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A brief study was made to determine the feasibility of such a
system as a design project. The power output was set at 300 M4
electrical, from 600 psi steam at 800 °p,

As breeding was a necessary condition for the selegction of the

. system, a simple model was used to obtain a value of the breeding

gain that could be ohtained from such a reactor. The parameters

assumed for the reactor are given in the foliowing table.

Moderator to Fuel Ratio T 10

Sodium Tube Thickness \ 0.125 in'-
Water Tube Thickness ' , 0,25 in

Fuel Channel Thickness o 0.25 in.

* Water To Sodium Ratio 3.35

7

The model used was a bare cylindéf, one velocity With the
assumption that all neutrons leaking from the core werc absorbed in
Th232 : . . |
: to produce uranium. 411 poisons other than materials of
. I} B .

construction were neglected. - , -

- ) o U i
€0 .~1-3./0a : n-l =133
VZ__ ° c s .
vF D g2 S ° a = @bsorption in material
m_C i ‘a_U“ other than U
-zj .
2 £t E,a gg = absorption cross scction

of U in core

2 . 2 2
B® = (2.L05/R)"+ @t/H) ji gﬂz absorption cross section

of pure U’

From the above equation the breeding ratio for core -diameters

of 20, 10, and 5 feet were calculated. The results are given in the
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following table.

Core Diameter U in Bi g e

20 04500 0,19 )
c 10 70,516 0423
5 0.566 0.33

As shown by. the table breeding ratio was much too low
‘for economical power and the U concentration required is above the

solubility limit of U in Bi.

6.2 Powered Fluid Cohtacting Heat Exchangef

Anotﬁer design considered for the summer project was a device
similar tc a ccnfrifuge in which heat exchange takés place within a -'
turning bowl. The powered heat exchanger is shown in Figure 28. It
achieve;Afour resuitse ‘ | ' .

1. Counter-current heat éxchange through infimate mixing of the
heatant and coolant. The fluidsimove in opposite directionS‘undér the

combined effect of gpavity and centrifugal force, taking advantage of‘ , -

the difference in density betﬁeen the two fluids.

2. Separation of the fluids. The lighter fluid moves up‘through
the hollow shaft.to the coolant pump. The heavy heatant mo&es down,
flows over a dam, and drops into the core outer annulus.

' 3. Pumping of the heaﬁant'by ﬁeans,of the axial impeller.
L. Pumping of the coolant by means of a separate centrifugal

pump rotor.
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Figure 28 »
POWERED FLUID CONTACTING HEAT EXCHANGER

ORNL~LA-Dwg. =10188

UNCLASS

IFIED

D74

coclant inlet

A

rotor |

L ad g

T ‘—E:ﬁ"---'[:_ coolant pump

| coge | CORE

ot

cross-hatches identify stationary members.
core is statiomary.

heatant shown in dispersed phase.
heat exchange 1s counter~current.

head
developed

| in

heatant .

F o
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The entire heat exchanger would be suspendéd from bearings outside
the core casing. Note that there is only one shaft seal although there

are two wearing rings, one on each side of the coolant pump rotor.
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