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PREFACE

In SepteMber, 1955, a. group of ‘men experienced in various sclentiflc
and engineering fields embarked on the twelve months of study which culminated
in this report. For nine of those months, formal classroom and student '
laboratory work. o¢cupiéd their time. -At the end of that period, these nine
students were presented with a problem in reactor design. They studied it for
ten weeks, the final period of the school term. : .

-This is a summary report of their effort. It must be realized that
in so short a time, a study of this scope can not 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 issued 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 purpose for which it was intended.

The faculty joins the authors in an expression of appreciation for
the generous assistance which various members of the Oak Ridge National

Laboratory gave. In particular, the guidance of the group consultants,‘
A, M..Wblnberg, R. A, Charple, and H. G. McPherson, is gratefully acknowledged.

Lewis Nelson
for

The Faculty of ORSORT
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ABSTRACT -

An externally cooled, fused salt, fast breeder reaotor'producingi700 Mﬁ
of heat has been designed utilizing plntonium'as the fnel‘in a mixtnre of

| the chlorides of sodium, magnesium, uranium and pluton'inm° lDepleted uranium

is used as the fertlle materlal in a blanket of uranium oxide in sodiumo

Nuclear calculations have been performed with the aid of the UNIVAC for
multi-group, multi-region problems to obtain an optimum nuclear design of
the system with the cnosen fused salt, | A | |

Steam temperature and'pressure conditions at tne turbine tnfottle have
been maintained snoh that the incorporation of a conventional turbine-generator
set into the system design is possible. |

An economic analysis of the system, including estimated chemical pro-
cessing costs has. been prepared. The analysis -indicates that the fused salt
system of this study has an excellent potential for neeting the challenge of
economic .nuclear power. “

It was not learned unt11 the completion of the study of the severe (n,p)
cross section of the chlor1ne-35 isotope in the‘range of energles of in-
terest, This.effect_was anmplified by the large number -of chlorine atoms pfe-;
sent per atom of_blntonlum° The result was considefed serious enough to- |
legislate against the reactor.f

It was determined, however,: ‘that the chlorine—37 isotope had a high
enough threshold for the (n,p) reectlon s0 thet,lt‘conld be tolerated in
this reaeto:.- The'requirement.for.thevchlorine—37 isotopednecessitates an
isotope separation-wnioh is estimated to add 0.5 mils per kwhr. to the cost .
of power. The power cost wonld then be 7,0 mils per kwhr. insteed of;the |

6.5 mils per kwhr. reported, -
0 15
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CHAPTER I INTRODUCTION

1.1 FPROBLEM

1.1.1 Purpose

The purpose of this study was to assess “the technical and eeononic
feasibility of a fast breeder-power reactor, employing a fused salt fuel,
based on a reasonable estimate of the progress of themfused salt technology;
Fuel bearing.fused salts are'presentlylreeeiving consideration'for:high
temperature applications and in addition hare been proposed as a possible

solution to séme of the difficult problems of the fast reactor.

1.1.2 Scope

A majorﬂconsideration was an initial decision to devote'tne gronp

- effort to a conceptual designvof complete reactor system'instead of con-
centrating ‘on parameter studies of the reactor or the heat transfer and power
plant at the expense of the other componentso This philosophy necessitated
overlooking many small problems that- would arise in the detailed design of - .
the reactor and powerlplant but provided a perspective for evaluatingithe .
technical and'economie feasibility of the entire reactor system instead of
only portions of it, | . _

: Atlthe outset of the study it was determined that a breeding ratio
significantly less than one would be obtained from an:internallyuoooled machine,
It was therefore decided to further restrict the study to an externally cooled,
circulating fuel reactor in which a breedlng ratio of at least one was ob—

fnn;, ¢

tainable.
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1,2 EVALUATION OF FUSED SALTS

1.2.1 Advantages of Fused Salts

The:fused.salts enjoy practiééilj éli'theAgdvantagés'éfithe$1iq;iaf:'
fueled, homogeneous type feactqr,v Among the more prominent of these areg
.1, The large negative temperature coefficient which aids in
reactivity control; A
2. The'elimination of expensive and difficult to perform fuél
element fabrication procedures;
3. The simplified charging procedure which provides a means of
shim control by concentration charges;
4. The higher permissible fuel burn;up without the attendant
mechanical difficulties experienced with solid erllelemeﬁts}
In addition, the,fused salts display a superiority over the agueous
homogeneous reactor in these respects:
‘1. Lower operating pressure due to ‘the much lower vapor pressure
of the'fused salts;
2, Higher thermodynamic_efficiengy dﬁe to the operatiqn.at

higher temperature. .

1.2.2 Disadvantages of Fused Salts

o There .are several disadvantages which are attendant upon the use
of fused salts for the application reported upon'here° Of these, the most
prejudicial to the success of the reactor are:

| 1, The corrosion problem which is so severe that progress in
this application awaits development of suitable resistant

materials; o
. 17—
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2. The large fuel inventory required because of the externsl
fuel hold-up; | | “ |

3.. The poor heat transvfer pfoperties exhibited by f.he fusea
salts; '

4, The.low specific powers obtainable.in the fused salt fast

reactor system compared to the. aqueous homogeneous reactors.

1.3 RESULTS OF STUDY

The fina,l‘d.esigvn is ‘a. twe region rea,ctdr with é fused salt core and a
uranimnﬂo:d.de pomier“in sodium blanket. The fuel coﬁ;ﬁonent is plutoniuxh
with a toﬁai sys?tem“mgés of 1810 kg. The réact@r has a total breeding "ratio
of 1.09 exclusive of chemical processing losses. .

The reactor produces T00 MW of hea.t and has & net electrical output of
260 MW. The net thermal efficiency of the system is 37.1 per cento The steam
cond:.tlons at the turbine throttle are 1000 F and 2400 psi. '

The cost of electrical power from this system was calculated to be '6.5
mils per kwhr. This cost included a chemical procéssing 4cost of 0.9 mils
per kwhr. based on a core processing cycle of Pive years a.nd. a blan.ket pro-

cessing cycle of one year,

=18=



1., DESCRIPTION OF SYSTEM °

The fused salt fast reactor which evolved from this study is an externally
cooled, plutonium fueled Power-breedel'reactor producing 700 megawatts of

heat with a net electrical output of 260 megewatts,
1.4:1 Core

The core fuel consists of a homogeneous mixture of the chlorides
of sodium, magnesium; uranium and plutonium with mole ratios of 3NaCL 2MgCl
and O,9Pu(U)Gl3° The uranium in the core fuel is depléted and is present for

the purposes of internal breeding. The atom ratio of U238/?u239

at startup
is 2 to 1.

The core container is a 72.5 inch I. D., nearly spherical vessel tapered
at the top and bottom to 24 inches forlpipe connections° The core uessel o
is fabricated of a inch thick corrosion resistant nickel-molybdenum alloyo

The fuel mixture enters the core at 1050°F and leaves at 1350°F where-
‘upon it is circulated by means of a constant speed 3250 horsepower, canned
rotor pump through the external loop and tube side of a sodium heat exchanger°

Sodium enters this core heat exchanger at 900°F at a flow rate of 45 5x lO6

lbs/hr and leaves at lOSOOF

l.4.,2 Blanket

Separated from the core by a one 1nch molten lead reflector is a
stationary blanket of depleted uranium present as a paste of uranium oxide
pouwder in sodium under a 100 psi pressure, Located within the blanket is a
stainless steel clad zone of graphite 5 1/8 inches thick, The presence of
the graphite increases the neutron moderation and results in a smaller size

blanket.
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Blanket cooling is obtained by passing sodium through tubes located
throughout the blanket., Sodium is introduced into the blanket at 1050°F at

a flow rate of 7.6 x 106

lbs/hr.and leaves at 1200°F.  The blanket sodium,
which is considerably radioactive, then enters a horizontal sodium,tthodium
heat exchanger and heats the inlet sodium from §00°F to 1050°F. The sodium
from the blanket heat exchanger is then manifolded with the sodium from the
core heat exchanger and passes to a straight through boiler. At full load
conditions, the feed water enters the boiler at 550 °F and 2500 psi at a flow
rate of 2.62 x 106 lbs/hr and produces steam at 1000°F and 2400 psi which

passes to a conventional turbine generator electrical plant.
1.4.3 Control

' The routine operation of the reactor will be controiled by the
negative»temperature coefficient which is sufficient to offset reactivity
“fluctuations due to expected differences in the reactor mean temperature.
Reactor shim required for fuel burn-up will be obtained by variation
in the height of the'molten lead reflector. Approximately one quarter of
one per cent reactiuity will be available for shim by the increased height

of the lead, When fuel burn-up reduires more reactivity than is available )

from the reflector, compensating changes will be made in the fuel concentration . .-

‘and the reflector height will be readgusted o .-

 In the event of an excursion, provisions will be made to dump ‘the entire
core.contents in less than 4 seconds and in addition, to dump. the lead re-
fleotor. Dumping the reflector would’ provide a change in reactlvity of about

1.6 per cent.



l.4.4 'ChemibaI‘Processing

' Chemiéal processing of the core and blanket, other than remoyal
and absorption of fission gases, will take place at. a Iérge:Centra} préceésinglis
facility capéble of:handling the throughput of about 15 power‘reactorsﬁ The
chemical'process for both the core and blanket will embody the;maiq features
of the purex type solvent extraction process, with different head end Freat-
ments fequired'to make each material adaptable to the subsequent processing
steps. |

Core process;ng will take place on a five year.cygle.whéreas the blanket
will be processed %ifanhuallymﬁaTﬁévplutomium;produﬁtmfrbmwthexchemiqalmprogess

is finally obtained as the chloride which can be recycled to the reactor.

2]
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CHAPTER II

PRELTMINARY REACTOR DESIGN CONSIDERATIONS

2.1 'SELECTION OF CORE FUEL

One of the'objectivee of this project was the torough investigation of,A
a fusea salt fuel system. Preliminary diseussions resulted in the decision
that a core and blanket breeding-system wouldlbe inveStigated‘A |

A fused chloride fuel appeared the most promlsing of the fused salt
systems. The core fuel system studied was a fused Na Cl Mg Cl,,. U013 and
PuCl3 salt., The results of prellminary nuclear calculations gave the fused ‘
salt compositlon as 9 mols NaCl, 6 mols MgClz, 2 mols UClB and 1 mol of PuClBQV

The uranium is U238

2.1.1 Griteria fof Selecfion . o
The principal properties that the eofe fuel sysﬁem should possess
ares |

1. Low pa;ra%it‘icmeuﬁrou ’ab.s.or.guiom;e_z:oss;cseptigpg
2, Low moderating power andAinelastic'scattering°
3. Liquid below 500%.
bo Radioactiyel& stable.
5. Thermally stable.
6. \Non-corfeeive4to the materials of construction,

'7. Low viscosity.

8, Appreciable uranium aud plutonium content at temperatures of -

the order of 650°C. |

9. High thermal conductivity.

-22- .
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For fast reaétofs, the'choicé of'sélﬁs containing fissionable and non-
fissiohable”élemenfs'isAlimited to those in which thé ﬁoh—fissionable élements
have a low slowing down power and low cross sections for absorption and inelastic
scattering of fast neutrons. In general, elements of atomic weight less than
twenﬁy are unsatisfactory because of their moderating effect. ‘This eliminates
many of the common diluénts which contain hydrogen, carbdn; nitrogen and ongéno.

Salts which are suitable nuclearwise aré further restricted to those which
are’thermodyhaﬁieaily and chemically stable, The salts must be stable.at'theb;
_operating tempefatﬁre of the reactor, 67500° Also the quuidus'tempeféture
of the fused salt mixture should be below 500°C. This is desirable so that more
common and cheaper structural materials may be used. The higher the temperéture
of operation, the more eiotic are'the materials required. In,addifion a lower |
operating temperature tends to‘retard corrosion. The further very important
requirement is that the diluents musf dissolve the ngcessary quaﬁtities'ofl,_
uranium and plutonitm to enable the system to go eritical.

Based upon the aforementioned requirements the halide family appeared'
the most promisiﬁga' Of the haiideé,»chlorides'and fluorides were the initigl
choices. The bromides and iodides were eliminated because of their high :
absorption cross sections, Bromine has an avefage(I;_at'l mev of 30 mb‘ana
iodine has a o, of 105 mb at this energy. Chlorine and'fluorine have captured
cross sections of 0.7 mb and 0.2 mb respéctivelyf “
~ = Originally, it appeared that there were available.B possible fuel'systems;j
one using chlorides, one ﬁtilizing fluorides and é third.uSiﬁg a mixturé’bf
fluorides and chlorides. Chlorides presented the obvious disadvéntége of -a
higher capture cross section. The flourides‘werefdetrimehtal because of fheir
moderating effect. ’After.a more ﬁhorough‘iﬁvestigation, the Ffluorides Qere
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ruled out beoause of.thelr prohibitively high inelastic scattering cross
sectlon ip the energy range of interest. Preliminary nuclear caloulatioos .
using fluorides showed the'neutron energy spectrum decidedly lowered.

Ultimately the mixed halides system of @hioride end fluoride was eliminated
because of the high melting points of the fluoridos,‘ This step was token only
after it had been verified that a chloride fused salt system was feasible with
respecf to the nuclear requirements of our reactor.

Once it was determined that the fused chlorides would be uséd, gréat‘4_
effor@ was expended in the selection of the particplar salts to use. One of
the most iﬁportant physical properties 1reguiredﬁﬁasfallowomelting;poithi L
for the.salt¢mﬁxmure. It was felt that a ternary system would be most suitable.
A binary would have too high a melting point while a quaternaanresented
many unknowns such as formatlon of compounds; and in general is too dlfficult
§° handle. '
| The core fuel system will utilize plutonium whlch is to be produced in
the blanket. Since there exists very meager 1nformation on plutonium fused
salts, it was decided that as'a fair_gpproximgtion1; manflof the properties
of uranium salts would be used. This appears to be‘a,yélid-hssumptionlfor
physicals properties since plutonium and'uronium‘salts form a solid solution.

‘As a preliminary step, poésible diluent chlorides were reviewed. Keeping
the  basic requirements in mind and roviewing whatever binary phase diagroms.
were avallable, ‘the following salts showed promise ZrCl& PbCl v MgClz, NaCl
KCl and Ca012o ZrC% was rejected since it is expensive and might produce
the snow problem experienced in chgrfused salt'syotems° PbClé:was rejected
since it is very‘reactiveiwith all known structural materials,. From the four
remaining possibilities, the'MgClz and NaCl salts were‘selécted as diluents,
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In addition to posSeSsingAmahy of the requirements, they had the lowest liquidﬁs
temperature. As for the fissionable salt, the trichloride or tetrachloride

3 and U1, were selected because of the‘therﬁél' .
instability of the tetrachlorides. Hence the core fused salt system selected

were the possibilities° PuCl

is made up of NaCl, MgClz, UCl3 and PuClj° As was pointed out earlier, the

physical properties of our system were investigated using NaCl, Mg012 and UCljo

The Pi1013 is assumed to be in solid solution with the UCljo o

2.1,2 Fuel Properties

Since the ternary properties of the proposed fuel were completely un~
known, extrapolations of the known binary systems (shown in Figs, 2.1,”2a2g'2°3)
were mads. |

| On the basic assumption that the ternary chloride system was a simple
one and containing none of the anomalous behavior of the known fluoridé systems,
the pictured (Fig. 2.4) ternary diagram was drawn.?

To give some indication of the melting temperature to be expected in
our system, a series of mglting point determinatioﬂs was undertaken., .The data -
recorded are summarized below. (The test procedure is described in the

Appendix C).

Semple | Melting Point
MgCl, MaCl = TCl, ' " Liguidus ° ' Solidus
#1 - 38.6%-57.91% - 3.49% - 435°C ; 420°C
#2  36.36%-54.54%-9.10% 432 415%
#3 33.33%-50.014-16.66% | 505°-440°C  405%

Sample.#B corresponds to the composition of the fuel selected.

-25-
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.In conjunction with the melting point tests,-a petrographic analysis was
conducted of the fuel mixture.l On the basis of this analysis, neither,NeCI,
MgClz, nor UCl3 were detectable in ‘the solidfied fuel. lhere were two;diSA'
tinguishable phases present one a colorless crystal and the other a brown
crystal, which was not as prevalent as the colorless one. The compositions
of the phases could not be determined; Tt was observed that the mixture was
very hygroscopic and was easily oxidized in air.v

. The remaining physical properties were estimated by analogy to the fluoride
systems which have been studied. Densities were calculated by the density

correlations,of Cohen and Jones (3).. Thermal conductivities, heat capacities,

and viscosities-were estimated directly from fluoride data. . - .- - - p e
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2,2 .  SELECTION. OF BLANKET MATERIAL

A uranium dioxide-liﬁuid sodium pasté was selected as one of the pro-
mising blanket materials, Although only a limited amount of work has been

done on pastes, the prospects for its use are very good.

2:2.1 Criteria for Selection

The important characteristics of a safisféctbry blaﬁket material
are: ‘
iev LOW.COAto”

;gﬁigh;concentration of the fertile matefial,
BZ%Méhééfiy fabricated°

4. Low chemical processing costs.

5; Good thermal conductivity.

6. Low neutron lossés,in non—fertile elements.
7. Low melting point.

Natural or depleted grgniumvwere"obvious choices fér the feftiiemateriai°
Eiﬁhér'materialxis-Accéptable,'the governing factor Béing the cost, At the
presenf time, the cost of depleted uranium is-considerably less than natural
uranium and was chosen as the fertile material in the blanket.

Several blanket systems wére investigated; The moré prominenﬁ poséi-
bilities were U0, pellets.in molten sodium, U0, powder iﬁ'ﬁolien.sodium, canned
solid uranium, fused uranium salts and U0, slurries.

Uranium dioxide pellets in molten sodium appeared very promisihg° uo, is
unreactive with and véry.slightly solublé in 1iquid sodium, Cooling céuld be
accomplished by liquid sodium floﬁing in tubes. ItZWas esfimatedAthat~approx;
~31-
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imately 65% of U0, by volyme could be obtained. This blanket system was re-
jected because of the high cost of manufacturing the pellets. It -was estimated
that over 50 mi]lions'of p‘elle'ds would be required to £ill the proposed .blanket.
volume. of 100 cu.bic feet. o | |

A solid uranium canned in' stainless steel was investigated. The major
advantages of this system is the high uranium concentration.  This material was
rejécted due to the high costs of fabrication. Typical costs are about $9 per
kilog‘am for machining uraniumh abd $7 per k:l.logram of urmium i‘or the addition
of the clad.ding material,

Fused uranim salts would ‘have been the logical choice since fused salts
were b'eing nsed, in the core. ‘_,"I'his would halve many of the problems conf-ronting
the :des:i.@' of the system such':as corrosion,:chemical processing, etc. The |
only i‘used salts which would. give a: sufficient concentration of uranium in the

blanket were: UCl or UClh_ or a mixture of the two. UCl3 has too high a melting

3
point, wh:le UClLL proved to be too. corresive. Even the UCL

(2)

3 - UClu‘ mixture was

felt to be toe corrosive for a long life system. Hence this material was

elim:.nated °

A TO slurry was reaected. due to the lack of lmowled.ge of the properties

2
of the slurry and the low uranium concentration due to engineering cons:.dera-

_tions o

~ The UO -Ne. paste was ultimately selected as the best available blanket material.

‘I'his system has many of the features of the UO2 pellet system with the omission
of the cost of. manufacturing pellets. Although only a limited. amount of work

has been done~on pastes , ‘the outlook is very promising. A vo,, - Na paste offers

2
low fabrication cost, ‘ease of handling, high concentration of U02 and good heat

transfer properties. From a personal conmrunication with B.M. Abraham of Argonne

Lt

Nationa.‘l. Laboratory, 1t was' ebtimated that as “mich’as 80% Uo, by volume 1n



scoeee

.
eseose
ssccen

.

.

.
esee

esseces

1liquid sodium is possible using a centrifugation processo.lWe'pién to use a- .
paste compésed of 70%—§olume in the blankét system, Thg purfose‘oflthé liquid
sodium in the blaﬁket is to improve tﬁe.heat trénsfer propex;ties_o It is be- |
lieved that Pu and U metal will be stable with liquid sédium and no reaction

‘occurs between Na and UO,. A major problem was the possibility;of N§20 |

formation and its adverse corrosive effects, This was solved by the addition

of corrosion inhibitors. A discussion of this can be found in section 2.4.2.
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2.3 REACTOR COOLANT SYSTEM

The externally cooled system appears sﬁperior to the‘h‘infe_i'na.]ly‘ co.oled.'
systeﬁ for a f‘used,sa.it fast breeder réactor. In the externally cooled system,
the fuel mixture is. circulated through a heat exchanger external to the reactor -
veSsel. ‘The iﬁtemajly cooied. ‘éystem ‘has hea‘_l". .-ti'ansfer surfé,cés within the |
réactor vessel; and heat is transferred from thé_ fuel mixture to a fluid
poolant which in twrn is c‘ooled.. in an external he_a.t exchanger.:

_2.3.1 Internal Cooling

A i:oss,ible advantage of .the .ii;tgmal;l.y ‘cooled system is the lgwei' inven-
tory df}co..vlr'e- fuel. ﬁowevef, due to”the characteristically low héga.t transfer :
property of fused. salts, it was calculated.thdt almost 50% of the core volume .
would be occupied by tubing and coolant in orxder to facilifcate the required. .
cooling. 4.fme high percentage of tubing and coolant:affects this reactor system
in two ways; ‘First‘the ﬁaras:i;tic capture is grgatly increased and secondly, (
the néu’croln energy ‘specytrum is decidedly lowered. The above effects result in a

reduced breeding ratiq in the- core..

2.3.2 External Cooling

The_ extérna.lly cooled system was selected for usé in tﬁe_ reactor system
investigated. The deciding factor in the choice vas that o breeding ratio
}of 1.20 wgs festimated in the externally cooled sygtem-comp?:frg‘-dfi-;o 'oﬁ1:y
0.8 for the i.ntei'naJJ.y cooled system. This higher br'eedixﬂzg ratio is obtainable
because of 'about“15% greater blagket 'covérage, Tess parasitie captﬁre and.
highez; rieut:i'cn"energy spéctrum. Another fac'&;.,or in favor of extei'nal _cooling

is the ease of replacement of equipment in case of a heat exchanger failure.

3k



seee
.
ssoeee
®ceeece
e o
sssves
XYY Y XY
ecesee

2.4 MATERIALS OF CONSTRUCTION

_ .The choice of materials of construction in most reactor systems is
quite difficult because of the lack of corrosion data in the. presence of
radiation fields. In spite of the lack of technological development, an effort
was made to select the materials of construction for this reactor system,

The core vessel will be a nickel-molybdenum alloy, which is pfesehtly

.in fhe development stage. For the other parts of the core system such'as the
béihar& heat exchanger and piping, a nickel-molybdenum alloy cladding sn
stainless steel appears to be satisfactory. The bldnket system will utilize
stainless steel throughout. As far as the reactor components go, it can be
generally said'that all the components in contact with the fused salt shall
be:niekel—moiybdenum clad or consfructed of nickel-moly and all éomponénts in
contact with sodium are to be construgted of'stginless steel..

' Tests are now in progress at the GRNL dorrosion Laboratory to obtain-
séme data on‘the'corrosion of the fused éalt of this system on nickel and

inconel at'lBSOoFo

2.4.1 Core System

P . .

| Sinéé tgévbp;r;;ing tem;;;;;;fgwsfﬂgﬁeﬁéégghngig‘éﬁéll be“;; Higﬂkl."
" as 1350°F, the choice of construction materials was severé}yllimitéd; A‘fﬁrthef
limifationbwas imposed by the:absence of corrosion data of fused chlorides ,'. |
on structural metals. The poésibilities which existed were inconel, nickel--
moly clad 6n stainless,‘hastelioy metals, or nickei—molybdenum alloys of'the
hastelloy tjpe which currently are under development. | B

In selecting the best material, much dependence was placed on the individual
chemical and physical properties of these'pbssibilitieé with respect to the

| -35-
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fused chloride fuel, ' ' |

‘eThe hastelley metals were rejected due to the inability to fabricate the
material because of brittleness. Inconel was eliminated for the most ﬁart
because of its known diffusion of chromium from the alloy in fluoride salts,
In addition the corrosion data'of incopel in the temperature range of interest
is lecking; It is felt that these disadvantages overbalance the higﬁ tech~
pological development and good physical properties of inconel.
o The use of nickel-molybdenum alloy eladdinhg on: stainneSstteel ‘appeaievery .
favorable. inrthe’fused chloride~system.

S I O S A S N A IR R S
—_— %Mw&mmmﬁa&mw&wbvw%mﬁvwﬁ AR S = &

Based upon the present state of development of the Ni-Mo alloy, its com-‘

position will probably be about 15% Mo, 80% Wi, 4% Ti and 1% Al with perhaps 3
traces ‘of other metals., The metallurgy group at ORNL have given a high degreer’

E
of assurance that an alloy of this type will possess sufficient ductility and §j'

strength to serve as heat exchanger and pressure vessel materials. It has been \,
estimated to be about: five times as corrosion resistant as inconel and at least
as good as pure nickel, As is well known the: basic disadvantage of nickel is its\ °
1ow strength at elevated temperatures. The Ni-Mo alloy will require extruding

for use as tubing.  Of course, extensive inspection (X-rays, utrasonics and

7 visual) is ;

B q@ﬂ%ﬂ? S T
transfer and will be capable of being welded to stainless steels by use of

: specialAequipment On the basis that this alloy will have the properties as

described, it is being recommended for: the: core _system.

'204,2 Blanket System

The construction material for all equipment in contact with the

sodium such as is present in the blanket will be stainless steel, Since the
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~ blanket is to be composed of a'UOz-Na paste, it was feared that the sodium
would become contaminated due to the formation of Na20 in the presence of

free oxygen. At elevated temperatures, Na,0 is very corrosive; it reacts with

2
all the common metals, platinum metals; graphite and ceramics. The relative
degree of reactivity with the structural materials would be the following,

from the most attacked to the least: Mo, W, Fe, Co and Ni, In addition it

is believed -that Na20 would be strongly @bsorbed on most metal surfaces@‘

‘ It is possible that since Naj0 is known to act as a reducing agent for
some metals and an oxidizing agent for others, the pfesence of sﬁme material
will reduce Naj0 to Na before it attacks the metal, Such a corrosion inhibitor
would solve this dilemma, The two common reactor materials,.uranium and
beryllium could possibly serve as the inhibitor., 'Thermodynamicaliy,‘eaeh reacts

readily with Na,O to form the metallic oxide and free sodium. At 500°C the

2
free energy of formation for beryllium and uranium are -46 Kcal per mole and -
-754Kéa1 per mole respectiveiy° | 4

The rate of these reactions has not been investigated eicept indirectly
in a series of corrosion tests at KAPL5’6° These tests show that both Be
and U are corroded many times faster than any of the Structural metals tested,
The metals included niekel,lmolybdenum, inconel; monel, 347 stainless steel
and 2-8 aiuminhm. Thus the addition of either pure uranium or beryllium to
the UOz-Na~paste should offer a high degree of resistance to the possibie COrTo~

sion by the Na O which will be formed during irradiation.

2

2.4.3 Reactor Components

In general; all components in contact with the fused chloride fuel will

be constructed of nickel moly alloy clad stainless steel. All reactor components

in contact with sodium will be constructed of stainless steel,
=37~
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CHAPTER 3 ENGINEERING
3.1 GENERAL

“The reactor proper, as shown in Fig, 3.l,vis a 120-inch 0.D. srhere
consisting of a blanket region and a core° The core is a 73%-inch 0.D, sphere
with a;2 inch wall designed to withstand a differential pressure of 50 psi
The core inlet nozzle on the bottom and the outlet nozzle on the top are
Areinforced. The inlet has a series of screens to distribute the flow thru the
‘core so that a scouring action is achieved,

Immediately outside the core shell is a one ineh reflector of molten
lead in a zaineh stainless steel container° The filling or draining of the
molten lead is accomplished by pressurized helium,

The_first blanket region is 2 3/4 inches thiek and is followed by 5 1/8
inches of moderator,.another 5 5/16 inches of blanket and finally &bt
inches of graphite reflector. 4The blanket is a uranium dioxide-sodium paste
and. the moderator is graphite clad with 1/8 inch of stainless steel,

The reflector, blanket and moderator are cooled by molten sodium passing
thru 2-1nch 0.D, tubing. _

The eore,heat output is 600 megawatts, and it is removed by circulating
the fuelithru a single pump and external heat exchanger with-a miniium of
piping. The cooling circuit is fabricated using all—welded'construction° The
fuel solution is heated to 1350°F'as it flows up thru the core and is returned
to the core at 1050°F. |

.Any differential expansion will be absorbed in a pivoted expansion joint

The blanket heat output is approximately 100 megawatts and it is removed
by circulating,moltenvsodium which enters the blanket.at 1050°F andcleaves

~38-
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at 1200°F thru tubes imbedded in the blanket as shown in Fig. 3.2, As
the core, the blanket cooling system has one pump, one heat exchanger, welded
piping and a pivoted expansion joint,

The combined core and blanket system has three solid leg supports on the
blanket. Constant load hangers will carry the remaining load at four lugs
provided at the upper core elbow, at the core heat exchanger and at each end
of the blanket heat exchanger,

The basement floor of the reactor building, as shown in Fig. 3.3, will
have a series of dump tanks for the salt., The reactor floor and the main floor
will be constructed of removable steel panels. The reactor room and the base-
ment room will be below ground level and contained in a steel lined concrete structure

The reactor building main floor will have television facilities and a
remotely operated crane and will be enclosed in a 60 ft. diameter, one inch
thick steel shell. The steel shell is a safety measure and will prevent the
pollution of the atmosphere by radioactive materials in the event of an accident.
The steel shell, which will withstand 50 psi, will have two large airtight
hatches for equipment removal.

The blanket heat exchanger secondary sodium lines are siamesed with the
core heat exchanger sodium lines and the resulting 42 inch 0.D, lines are con-
nected to the shell side of a once-thru boiler.

The U-shaped boiler and the sodium pumps are located in a shielded boiler
room between the reactor building and the turbo-generator portion of the plant.

The layout of the turbo-generator and auxiliaries follows the conventional
power plant design with two exceptions: an outdoor turbine floor with a gantry
crane and placement of the deaerator on the turbine floor because of the
elimination of the boiler superstructure.
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Figure 3.2
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The centralized control room is placed between the turbo-generator and
reactor buildings-and above the boiler room, The stack, which is used for
the dispersalvof reactor off gases after a sufficient hold-up time to reduce
ﬁhe iadioactivity, is placed near the reactor building.

3.1.1, Prope

rties of Fused Salt, Sodium Coolant, and Blanket Paste

The engineering properties of the fused salt, sodium coolant and
the UOQ-N& paste blanket have been estlmated by the following methods. The
epe01fic heat of the fused chloride salt as a function of uranium concentration
kfig, 3.4) was estimated using the method described by W. D, Powersl, ‘Correlations
were not available fof the properties of thermal conductivity or visocity of
the fused salts. |
The variation of the density, specifie heat, thermal conductivity, and

v1scosity of sodium2

are given in Figures 3.5, 3.6, 3.7 and 3. 8 respectively,
The density of U0, was taken as 10.2 gn/cc and it was assumed that this re--

mained constant. The specific heat® of U0y was taken as:

Cp = 19,77 +1,092 x 1072T - 4,68 x 105 72 (Cal/mol c)
(Figure 3. 9)
The thermal conductivity5 of U0, is given in Figure 3.10.

The properties of the paste were then calculated, using a mlxture of 70% '

i

U0,, 30% sodium by volume.

@ "ra C ra* Yooz (uo ) (Figure 3.11)
Cp = WNanNa+ wUOchUO2 | (Figure 3.12)
..4k - U02kU02 Na Na (Figure 3013)

where: V - Volume fraction

W

Weight fraction :
~43-
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3,2 REACTOR POWER

The reserve capacity §f an electric power system averages about 10 per -
cent of the system loadof To make such a sysfem reliable, no single unit.should
éxceed 10 per:éént of the systém capaci.ty° - Since most of the~systems in this
country are less than 3000 MW capacity, turbo—generator units in excess of
280 MW have not been built yet, ’

A reactor supplying steam for a siﬁgle turbo-generating unit with a
system thermai efficiency of 40 per cent would be Sizéd at 700 MW of heat; or
also 260 M nat electric output because of auxiliary power requirements of 20 MW°
A system larger than 700 MW of heat would require more than one circulating
fuel heat exchanger. Two fuel heat exchangers would require manifolding and
other flexibility proviéions which would result in a great increase in fuel
hqld-up. Furthermore, too high a power level would involve suéh a 1@;53 initial

investment that the risk of construction would not be warranted,
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3.3 DESIGN OF HEAT TRANSPORT SYSTEM

Reference is made to Fig. 3.14 and Fig. 3.15, fhe Heat Balance Diagram
and the Salt, Sodium, Steam, .and Condensate Flow Diagram, respectively.

T@e»optimum design was appfoaéhéd by céreful.selection of design points.

Single Qail tubing was assumed throughout which is in agreement with the »

present trend of design. Small leakage of water or steam into the sodium in '
' (12) ’

the boiler is not expected to cause serious difficulty Detection may

be accomplished by ﬁroviding a gas collectingichamber and off-téke in the
sodium return line, Build-up of NaOH.iﬁ the sodium systém should not be
difficult to follow and replacement or purificatipn'of the sodiuh can be under;_
taken as it may appear necessary.

.The inflﬁx of large amounts of water or steaﬁ fesulting ffom a_ﬁajor
failuré wouIQAdangerously,increase the pressure in the shell; and althqugﬁv
this possibility is remote, safety valves will be érovided° |

Excessive fluid velocities result in erosion, corrosion, vibration and
increased préssure drop, Based on past experiences in the field,the maximum
| &elocity was taken as J900[§°ifto/séc;, where \' is the specific gravity of
the fluid, -

Fluid-fuel reactors, especially these with external cooling, are part-
icularly iiable to be shut down for repair or replacement of equipment(IB),.
It is highly desirable, therefore, that all éoﬁponents be as simple and as de-
' pqndable as possible but also aﬁle to be speedily replaced or remoﬁely main-
téined° It is consideéred. undesirable to install vaives in the large lines be-
tween the core and blanket heat exchangers and the pumps to pérmit shut—off
of possible sparé equipment or ﬁo regulate flow. These valves would be large,

would operate at high temperatures and would handle corrosive fluids. It is
55
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more probable that these valves would fail before trouble isfexperienced-at
the heat exchangers or. pumps.

~ Sinee no méintenancexcan be éftempted with.radioactive fluids in the re-~-
aqtor’and since it is not expected that any reactor part will last five years
;Qithoﬁt requiring replacement or repéir, pro#isions will be made to inspect.
all components thoroughly at 1éést evefy two years, i.e., when replacing the

core heat exchanger.

3;3.1 -Circulating Fuel Heat Exchanger

To reduce external hold-up, small tube sizes are desirable in the

heat exchanger. The #-inch 0.D, tube size was selected as a practical
minimm. -For sizes less than %-inch, éonsiderable difficulty would arise in
fabrication of the heat exchangers while the possibility of plugging would be
greatly increased. The wall thickness of 50 mils was assumed to provide
- corrosion resistance for two years of useful life.

‘For the secondary heat transfer fluid, a medium was required with good
heat transfer propérties in order to reduceéyhe gxternal hold-up and with high
boiling point to permit operation at high ﬁempeféture and low pressure to re-
duce capital costs. ' | |

Sodium, 1lithium, NaK, bismuth, lead an& mercury were considered as heat
transfer media. Sodium was selected becguse of its good heat transfer pro- ‘
~perties; high boiling point, low.cost, availability, comparative ease of handling
aﬁd wide fechﬁological experiencé. The disadvantages of éodium are its violent
reactionAwith wétér and the catastrophic corrosion rate-of Na20°

The folloﬁing considerations were used to set the-temperaturé‘limits for.
the fluids entering and leaving the‘core and heat exchangers. .

-58
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The coolant temperature;is not to be less-than the 1liquidus temperatufe
of the fuel, i.e, 870°F. The temperatures of the fuel and coolant leaving the .
core and heat exchanger were set by'ecbnomic; c¢orrosion and enginéering‘COn-'
sider‘aﬁions° " Low fuei outlet temperature would lead to excessive heat ex-
changer surface which would adversely affect the fuel inventory and increase
the possibility of mass transfer. High fuel outlet temperature would increase
the corrosion rate, require higher pumping power and increase the tﬁermalu
stresses. Low sodium outlet temperature would result in excessive thermal
stresses and lower thermal cycle efficiency° High sodium outlet temperature
would have the same result as low fuel outlet temperature.

The fuel outlet temperature was set at 1350°F to ensure reasonable equip-
ment 1life and the maximum temperature differential between fuel and sodium was
set at 300°F, which is in agreement with genefal desigﬁ practicés°

-The- heat exchanger'iS‘a single pass counterflow exchangér approximately
50 inches in diameter and 20 feet long with 3500 tubes.  All tubes will be
made from a corrosion resistant nickel-molybdenum alloy (about 80% Ni and. 20%
Mo). The. exchanger shell will be constructed of stainless steel with a 4 inch
Ni-Mo cladding.

The removal and replacement of the core heat exchanger requires remote

handling which is believed to be entirely feasible.

" 3.3.,2 Circulating Fuel Piping and Pump

| lihé pifé size selected was.24;ihch 0.D. with avong-inch_wgll thiékness,
" To redueé ?osf,Atﬁe ﬁipe mgteria}'willvﬁe stainléss steel clad on the inside

with a corrosion resisfant Ni-Mo ailoj° Ciadding thickpess will be 7 inch fo
providéAé corrosion allowance for five yeérs life. To all@w differential.thermal
expansion, a pivoted'expénsion joiht is prévided; » -
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A'single pump arrangement was selected, because two circulating fuel
‘pumps would requifq two check valves, four shut-off valves and added pfovisipns
: forj_flexibility, This'would increase the exte;'nal hold,-uja and . because of valve
stem leakage probabilities, would lower the system reliability. However, if
large, reliab le valves becomé available, itbmight.be advantageous to have the
added flexibiiity afforded by multiple cooling systems, This is a matter for
further aevelopment,

A canned-rotor pump was selected instéad of a shaft-seal pump due to tﬁe
éreatly reduced possibiiity of leakage. The fuel pump will run at constant
speed because of its canned-rotor éonstrﬁction° ‘A variablq speed pump would
be.prgferable but this also requires further development. ;

. . : - .

3.3.3 Blanket Heat Exchanger

The blahket heat exchanger is'a sodium to sodium exchanger constructed .
of étainless steel-and whose mean tempsrature difference is 150°F., It has
1570 tubes of #-inch 0.0, which are 73 feet long with 50-mil walls.

It'was deemed necessary to have an intermediate loop on the blapket system
due to the activation of the sodium coolant, Thus; in case of é sodium-water
reaction, pnly radioactively céol-sodium would be ejected. The choice of
sodium as a secondary blanket coolant ves deemed advisable since the core second-
ary coolant and the blanket sécondary coolant‘coqld be mixed, thus necéssitatiné
oﬁly one boiler and a slight amount of manifolding, For this same reason, the
§econdary sodium is designed to have a 150°F temperature rise fhrough the heat

exchanger (900°F 6 1050°F), thus métching the core sodium,

" 3.3.4 Blanket Heat Removal

- The breeding blanket is in the form of two separate spherical annuli.
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The first blanket region is 7 cm. thick and has. 60 Mw of heat generated inlit°
The second region is 13, 5 cm. thick with 40 MM generated in it, Tne heat flowst
by conduction through the paste to the wetted tubes where it 1s~then carried
awvay by convection in liquid sodium.

In blanket region 1, there are 940- 4 inch stainless steel tnbes whose
centers lie on circies of radii 38.4,‘39,i and 39,9 inches, Each row contains
equal numbers of tubes which have an effective length of ‘8 £t. ﬁnder these
conditions, the maximum possible paste temperature will be 1396°F which is well
~ below the refractory temperature of 1832°F. | |

In blanket region 2; there are 630~ % inch stainless steel tubes whose
centers lie on circles of radii 51. 8 53.5 and 55.3 inches° 'Each.now contains.
equal numbers of tubes which have an effective length of 10 ft. The maximum
paste temperature in region 2, under these conditions, will be 1468°F° t

In region 1, the'coolingvtubes occupy less than 30 per cent of the avail- |
able volume while in region 2 the tubes occupy less than 15 per cent of the |
available volume. | | | ”

3.3.4.1 Parameter Study of Blanket Heat Transfer System

 For efficient cooling of the blanket, we expect to match the

cooling tube density to the radial distribution of heat generetiona |
| Tt will be assumed that the basic cooling tnbe lattice arrangementican
be simulated by concentric cylin&efs.' The gdneration:rate in a oeil:wiil be
taken as constant and the Ng-UO2 paste will be considered stagnant The pro-
perties of Na and Na-UOg paste are graphically presented in Section 3. 1 x.

Taking a heat .balance at any radius r where rq (r <r2

 GV(r) =-kp A(r) & z

g 3461_
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where
2 2 :
V(r) =w(r,” - r7) L~

A(r) z 27r L
‘ .

ar 2 kP ANE

A 2
. 2 2
(.T-Tl) = G [1‘2: ln r - I‘A - I'!

2 kP
 In the steady state, .
Q=0T = kA (T 1)
2

2 .
ka T2 =-T1

rq r22 In f2 —»réz -’rlg
kP ry 2

inside radius of tube .
outside radius of tube
radius of cell .

basing over-all coefficient on inside tube'afeg(IA)

’ .Ao 6 1
fe

2+
U

kp = 17 _BTU
hr—ft-CF

.

In the Fig. 3.16, the value of U is given as a function of r2 where rq

1s treated as a parameter.,

For_1/2" 0.D, ‘tubes with 50 mil wall

hNa = 17,350 __BTU

hr, ft2 OF .
A S - ,4{.052 = .000303
kA, 12 x12x 45 '
For " 0D tubes: with 65 mil wall

- Rey, = 529,000 Pry, = <00424

hN - 14,700 __BTU
a
hr. £t °F
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In all cases, -standard tube wall sizes vere used
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. kwAw , 12 x 12 x .342

Y . \
Ay & - .310(.065) = 00041

For 1" OD tubes with 85 mil wall

Rey, = 720,000 Pry, = 00424
hy, = 12,000 BI0

hr, £t° °F
b o 435(.085) - = .000535
KA 12 x 12 x 458

-3.305' Blanket Piging and ‘Pump

The total pressure drop in the blanket is 145 ft. of head. This
includes the losses through the blanket tubes, four plenum chambers, 10 67 ft.
of 18-inch 0.D. pipe, four elbows, one expansion Joint; heat exchanger tubes,
blanket tube sheets and heat exchanger tube sheets. .

~ The blanket sodium pump is a rotary pump with a capacity of 18,700 Gpm
of sodium against a 145 ft. head,. With e punp efficiency of 70'per cent, the
motor required for the pump is a nominal 1000 hp.

The blapketﬁis filled by pumping'the Ueb-Na paste into the blanket vessel,
under a helium'pressure of 100 psi,, pfior te the reactor start-up. The blanket
will be completely filled and any expansion of the paste will be taken up in
“the blanket expansion tank. | |

To empty the blanket, part of the paste will be foreced out, using 100 psi°
heliu@. Pure sodium.wili»then be used to dilute and wash out. the remainder
ef,the‘paste. When enough sodium is added; the paste will assﬁme the properties

of a siurry and will flow quite easily,
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3,3.6 Sodium Piping and Pumps

) The pipe sizes selecfed ;fé 18-inch 0,D, for"the’bléhket heat ex-
changér and 42-inéh 0.D, for fhéAmain‘lines to the boiler. The piping’matérial'
will be étainléss steel. 'Sodium valves located ih thé lihes will be'plug-type
with freeze seals. |

_ Canned-rotor'pumps were selected in preference to the eléctro—magnetic o
pumps becéuseiof their’highéf efficién'cyo The total floﬁ.is }lA,OOO_Gpmo.which
requires at least four pumps with 28,500 Gpm, and 65 ft. head.

_ Proviéiéns are made to drain and store all éodiﬁm-in the event of'é.shut;
down. A one-foot thick concrete shield surrounds the sodium system inciudingA,
the béilera The sodium pumps will ‘be shielded so that they can be drained andi

replaced individually without danger to personnel



3.4 SALT DUMP SYSTEM

A salt dump system is provided consisting of two valved drain lines, one
for the core and one for the heat exchanger and piping° The lines are 12 inches
and 8 1nches, respectively, and are sufficient'to drain the.entire system in
four seconds. | | | ) |
4 The dump tanks will have a combined capacity of 10 per cent in excess of
the total circulating fuel volume. The tanks will be compartmentalized to
keep the fuel subcritical; and cooling provisions will be provided to remove
decay heat Electric heating elements will be included to prevent the_fuel
from solidlfyingo |
The fuel wili be removed from the dump tanks by a 5 Gpm., 130 ft. head
pump either back to the core or to a container to be shipped for processing°
?he tanks, piping and pump will be conetructed similarly to the main cir-
culating fuel system, i.e., nickel-molybdenum alloy clad stainless steel to

provide an allowable corrosion resistance for 10 years of useful life,
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3.5 CORE VESSEL AND REFLECTCR HEATING

In this system, as in most reacibr syétems; the'internél generation of
heat in the core vessel 5ue'to gamma and neutron interactions with the metai
was f@und to be apﬁreciable. Thé eﬁérg§f§ourées"cénsidéred for this calculatibn
were prompt fission gammas, deéay product gammas, and neutrons of enefgieé‘
greater than 0.12 Mev. The inelastic scattering gammas in the'fuei and the core
vesseliwefe'estiméted as negligible with respect to the magnitudé of‘the coﬁ-
sidered sources. These sources gave a gaﬁma épectrum as shown in Fig. 3.17.

Using.this integral spectrum and'assuming it to be unchangéd-in space.
we applied the Integral Beam Approximation method(ls) (Appendix A-7). The héat_
generation rate in the core vessel and reflector wés caléulated as a fﬁnction A
of position. The gémma absbrption coefficieﬁts of the fused salt (Fig; 3;18)
and of the nickel-molybdenum alloy (Fig. 3.19) were éomputed fo; use in this
calculation. The-gamma heat generation rate as a function of position is.
shown in Fig., 3.20. o

The heat generation due to neutron capturse, elasticAscattering, and inf
éléstié scattering were calculated using the integrai¥fluxes from the Univac
calculations with the general equation: |

- C= Z(ﬁ) 7( E)E S ~ (Calculations in Appendix AA-‘7)

where<Z(§) = Macroscopic cross-section for the specific intefaction

IE) =
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E = Average neutron energy

6‘= The average energy transferred/ interaction.
The sources yielded a total averaged heat generation rate of 9.65 x 1013
Mbv/me-sec in the core vessel and 1,77 x 1013 Mbv/me-sec in the lead re--'

E@??

.
.
.
.

sseces
.
soe
. .
X rYs
sos e
ssece



GAMMA SPECTRUM VS, ENERGY

: {gur e e
e 1083 ORI
OTONS '

CW -SEC. 2'?&

1072
o
: A%
aE
g;'-
(@ o]
&
0
10t
1.0 2.0 3.0 40 5,0 6.0 7.0

ENERGY, Mev,



1.3

1.1

0.9

GAMMA
ABSCORPTION
COFFICIENT

el 0,7

T o

0.3

ceseer 0.1

GAMMA ABSORPTION CCEFFICIENT CF FUSED SALT

VS. ENERGY

-

pasmepuet

P 4

p

3

1.0

2.0

3.0

440
ENERGY, Mev.

5.0

e 110

-

T

QILAISSVIOND
Sna=1rt

)



esssve
. .
LY 2]
XYY
. . o
. .
®ese
. .
* eess
.
.
sscse
.
LR XY Y]
.
. . o
L X3 .
. .
. . e
.o .
sesese
esoesee
LI
.
seosee
XXX L]
. . e
. .
svecee
. .

ssse

0.35

0.30

ENERGY ABSORPTION

COEFFICIENTl
M- cm.”

0425

0.20

0.15

GAMMA ABSORPTION COEFFICIENT VS. ENERGY

Figure 3.19

1.0

2.0

. 3.0
ENERGY, Mev.

440

5.0

UI AL SSVIONN
THTQT="3rq~¥T-TNHO



‘%
3

2
B
2
B

GAMMA HEATING RATE IN CORE VESSEL AND REFIECTOR

10l

‘4 Sl

HEAT
GENERATION N
RA'I'E3

(Mev/cm” -sec)

e
L

10 REFLEGDGH

- 10

1.0 . 2.0 - 3.0 4.0
DISTANCE, CM.

Figure 3.20

_’Zl"o ® 400 o 0s o . e o sees o
] L2 3 L . L I . * & o LI J
e o se e o0 e o I . + e o
L] . [ * & o - (XX ] L . * o
. e L] e & 9 . * o . L
LX) ... - . » .o . . Sese . LA X} L



XYY X)
seee
LYY}

.

.
XYY Y Y
ssevse
o o
.
escose

flector, -It was found that approximately one third ef tbe ﬁotal heat generation
in the core vessel was due to .gamma interactions. Using fhese averaged heat
_generation rates a maximum temperature rise of.109.3 oF»was estimated for the‘
core vessel.(Fig. 3.21)o Since eﬁch~e;temperattrexrise was believed to cause

abnormally high thermal stresses, it was decided ﬁo-codl the lead reflector°

. This gave -a maximum temperature rise in the core vessel of 29,2°F (Fig° 3 22)

This was estimated to yield perm1331ble thermal stresses.

In 2]l these calculations the coreAvessel was taken to be 1.3 cm. thick;
and the lead reflector, 2.5 cm. thick. -

In ordef to maintain the 29,2°F femﬁefeture'rise in the cofe shell and -
to”@inimize the therma1~stresées, it was ﬁoStulated that both surfaces of the:
core vessel be maintaihed at.the sameltemperaﬁufe of 1350°F and that ﬁeaﬁ be
re?oved from the reflector to acepmplish this, It'was<also.postu1ated that
both surfaces of the reflector afe et 1350°F, Using these conditions it was’
found that 5.2 x 1613 Mev/emB-see will be removed from the lead reflector.

Q = 5.2 x 102 Mev/emPsec = 3.80 x 10° BIU/r, = 1.11 M,

Using evrow of blanket cooling tubes wélhavé a sodium.flow of 83,500 lbs/
“hr. through 17 1/2-inch OD tubes with 50 mil walls, The heat transfer eai4A
culatfoﬁs show that this is more than adequate to transfer the heat. -

(Appendix A=~7).
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3.6 MODERATOR COQLING

The heat generation in the moderator‘due to fast neutron moderation is

3.5 x 101% nev. - which yields a heat generation of 6,15 x lO18 mev, or
o ecc.~sec, ‘ o o sec,
3.36_x lO6 BTU _ in the entire volume, With this heat generation rate, a sodium
et — . A : : :
flow of 1.13 x 105 lbs. is required to maintain the maximum temperature of the

hr, ‘
graphite at 1325%F, The sodium flow rate is accomplished in 25 #-inch cooling

tubes with 50 mil walls.

3.7 ONCE-THRU BOILER

The oncé-thru boiler is well suited to the. high temperature reactor plant,
since'loadnqonditions can be controlled by varyipg the flow of water. If the
regctor follows its load demand well, it can be controlled directly by the
turb:f.r:xg‘throttle° Thus, operation of the plant isbgreatly simplified. However,
the once-thru bbiler is n;t yeﬁ_well developed and in this case is operating
very near the burn-out point. This is perhaps one of the weakest points in the
design, It definitely requi?es further study and possibly another intermediate
sodium loop to lower the inlét sodium teﬁperature to the boiler. This type of
boiler requires very pure feed water of less than 4+ ppm. impurity present.

The boiler is in‘thé form of a shell and tube, counter current, one-pass
heat.exchangéf'with thg 2400 psi steam on the tube.sidey Therg are 2400 tubes
ﬁhich4aré'%binch 0.D., 45 ft. long, with a 50 mil wall, The entire boiler will .
be made of stginless’steel which is resistant to attack by both hot sodium and
super heated steam., The tubes are iq a triangular latticé Wiﬁh a 1,11 inch '
pitch which lqaves sufficient room fdr"welding the tubes into the tube:sheetol

The insidé shell diameter is 4.9 ft., and its wall thickness is one inch

which is sufficient to hold the sodium. The overall shell length is 50 ft.

5=

weee
.
essnew
.
e 6
sSecene
s0cst e
LEX XY 2
sose

-

.

wese
sevseo



which‘igcludes two 23 ft. plenums; The.boiler was made into a U-shape in
order to reduce the size of the boiler room, | | ‘ }

‘The design was accdmpliéhed by bréaking the boiler igﬁo three distinct
regions;-a sub-cooled region, a boiling régibn and a superheated-region. 3Thié
is only an approx1mation as it is mainly a philosophical point as to where sub-
cooled boiling ends and net b01ling begins. The heat transfer eoefficients

(14)

were calculated using the Dittus-Boelter'equaﬁion

(16)

Lane was used in the boilihg region.

, and a method of 3. A.

In calculating heat transfer coefficients, use was made of inlet. velocities
~only, This is clearly an underestimate, and the excess surface should account
for the resistance of the scale to heat transfer.

At part-load operation, this boiler tends to produce steam at higher than
design temperatur:e° The steam temperature to the turbine will be maintained
constant by atﬁemperatioﬁ aﬁd variation of the.boiler feed water tempefature,.

The part-load operating characteristics of the boiler are given in the followith

table,
Table 3.1
Boiler Characteristics at Part-Load Operation
Fraction of Full Load- ‘ 3 ' 3/L T 1600 i iy
Steam Outlet Temperature logoF ¢ . = 1067F . 1000 F 6
Water Flow Rate ' . 1,23.x 10 ‘1bs/hr’ 1,88 x 10° 2,62 x 10
Sodium Inlet ‘Temperature 1085°F - 1082°F  1050°F
Sodium Outlet Temperature 1010°F 6 9700F 6’ 900°F 6
Sodium Flow Rate 53.2 x 10° 1bs/hr 53.2 x 10° 53,2 x 10
Over-all Coefficients
Sub-cooled Region 1000 1160 1275
Length Sub-cooled Region 2 VA & N 3.16 455
Length Boiling Regién , VAN & PO 7.55 9.47
Over-All Coefficients . o
~ Superheat Region o ’ 560 705 826

Length Superheat Region - 38 ft, 34 30.4.
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3.8 AUXILIARY COOLING SYSTEM

If the electric load is dropped to zero, it becomes necessary to remove
delayed heat from the reactor core and blanket., An auxiliary ngiing_system
is provided for this, consisting of a separate sodium circuit, a sodium-to-air'

heat exchanger and a pump.

3,9 TURBO-GENERATOR

o A tandem-compound, tfiple flow, 3600 rpm. turbo-generator with initial
steam conditions of 2400 psig. and 1000 F was selected. Since anstrgiéhtathru
boiler is being gsgd, there‘is no reheat. The latter generally ié not too
desirable for nuclear power plants because of the attendant complicated controls.
_ Thejfged water cycle will consist of six heaters with the deaerator in _
number three place. The final feed water temperature is 550°F, Three condensate
and three boile;,fped punps are specified to insure the religbility of the units
The thermal'efficiency of the cycle is estimated to bve 40 ﬁef"cgnt, Auiil—

iary power requipements are estimated to be seven per cent.
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CHAPTER /4 NUCLEAR CONSIDERATIONS

4ol _SUMMARYAOF‘STUDY INTENTIONS

. ‘At the ohset of the projeqﬁ, two codling systems for a fUSeQ‘éalt reaétbf
were considered. Oné was an ‘internally cooled'system'in which the coolant,
liquid.sodium, was passed through the core of the reactor, Thg other‘was an .
externally coole@ reactor in which the fuel was circulated throughAa‘hegt ex-:'A
changer enternal to the core. It was felt that the large fgélfinvenfory of
a fast'reachr would be increased to a prohibitive amount in the circulating
fuel system. However;vearly calculations showed; that because of the large
amounfvof parasitic gbsorption, the total iﬁventory‘of the'internally'cqoled.
syspem‘was about the same as that of the’circulating system, Poorer Blanket
. coverage, more parasitic capture and lower spectrum caused the internally cooled
system to have a bfeéding ratio estimated to be about 008 compared to an esti-
mate of about 1,2 for the circulating system. The lower spectrum would also
increasg the fissién product poisoning. For these reasons and since the only
advantage attributed to tﬁe internally cooled system, lower inventory, did not
exist, it was decided to conduct parameter studies solely for mixed chloride -
fugls in an:externally cooled system,

Preliminary analysis (sec._A.A.l) indicated that power output per mass
of plptonium ipcreased with increased power., A core power of 600:MW was chosen
as it is the upper limit imposed by existing électric power distribution“systems.
Engineering considerations yielded a minimu2 external hold-up velume for the
removal of 6QO Md. - This volume is so large.that it remains essentially constant
over a wide variation of core sizes. |

With the external hpld-up volume constant a study was carried out on system

<78



mass and breeding ratios as a function of cbﬁpoéitién éf'thé'mixed chloride
'fuel? 3It was realized very early in the study that, at the concentrations of
the plufonium and uranium chlorides involved, the_br;eding'ratio was ﬁigher

" and ‘the criticél mass about thée same when U-238 was used as a diluent instead
of the other chlorides, The salt of composition 3 NaCl, 2 MgCl, and 1 Puf(U)
Cl3, which is the highestAconcentrétion of Pu (U) 013 in the mixed chloride
commensurate with melting point réquirements was, therefore; used in the para-

meter studj with variation on thé ratio of plutonium to uranium, The analysis

H“x:was carried out employing a ten group, one dimensional diffusion theory method

(sec. 4.2.1) on the bare core system to find the bare core radius, breeding
rat;os,‘and flux energy spectrum° Blanket cross sections were then.averaged
over this‘sﬁéctrum to obtain an épproximation of reflector savingé on'criticai
c@fe radiﬁs° 'Ckrentf22 has shown the validity of diffusion theory calculations
for fast reactor systems with dimensions greater than 30 cm.

Since the blanket mgterial qhosen has a low'uranium density, an effort o
was made to lower the neutron spectrum in the blanket to increase the plutonium
produqﬁipn_dénsity and decreése ﬁhe blanket thickness. Position and thickness
of a graphite moderator section, placed in the blanket region, were varied
to study results on breeding ratio and concentration'and'disﬁribution of plut-l
6niﬁm}production as well as the effects reflected back into the core. . The
Argonne National Lab, RE-7'06de for the UNIVAC (Sec. 4.2.3) was used for this .
study qmployiﬁg 13 energy groups and 7 spatial regions. o

"Reflector:control is possible for a high core leakage reéctor, such as
in the:present'design. A ﬁrief study.wgs performed_on.the-éffecé of changing
£he level of a moltéh lead reflector adjacent to the core vessel. These cal-
culations were'then pérforméd more accurately employing a 10 energy group, 3

spatial regioﬁ code on a digital computer,
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4.2 CALCULATION METHODS BASED ON DIFFUSION THEORY

4.2.1 Bare Core Multi-Group Method

The neutron diffusion equation in a bare reactor for the jth energy

"~ group is

Z +Z?+Z?+Z?+,_§j @74“

ssf | |
?’
- 5L X/P(c—v )2 cQAu+_ au,
‘)532 Codu+ ¢ | Auj, i ¥

where QZZ 296{‘“& 2;5‘222? - 1is the macroscopic cross section for removal
tr o

?
from the jth group by inelastic scattering, ~§, is assumed to be the cross

section for elastic moderation out of the Jth group9 F%; is the fraction of
the fission spectrum born in the jth group, and P(i — j) is the fraction of
inelastically scattered neutrons in the ith group which are degraded to the
jth group on an inelastic collision.

The_calculation of the bare system criticality wcs therefore reduced to
Aa tabulation of neutron events with an iteration on the geometric buckling,
B, until a neutfon balcnce was obtained over all energy'groupsa The calculation
begins with the introduction of cne fission neutron distributed over the fission
spectrum; In the first (highest energy) group this is the only source of
neutrons so that the events in thls group can be tabulated. Group 1 then pro-
vides the‘balance of the source for the second group thrcugh scattering, hence
the events,iﬁ the second group can be determined. This procedure was continued
for each lower energy group,_AAt the conclusion of the lowest energy group
tabulation of events, the total capture of each element, thc number of fissiohs
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in plutonium and ﬁranium,‘aﬁd the ﬂtmber'of.ﬁéﬁtroﬁs:which‘léak §u£ of ‘the .
bare“systém were found by sumation over all energy groﬁbs,' A‘néw.radiué was
chosen and the calculation repeated ﬁntil the peutrbn'production:and,loss were
equal.

“In the calculation just described, at criticality, the source of neutrons
for each energy group multiplied by the averége velocity of that group times
the average time spent in that group-is-proportional to the flux of that specific
energy group. That is,

& zﬁLt ~ /V %a*

Note that,

G~ 5

where 2'3':,3% + g?_,_ Zi + é£7 s

o ‘ _ auy

. N T /
hence .
’ g PN ’ a
@, 4 /\{7/2,?

4.2.2 Reflector Savings Estimate

The fiux energy spectrum obtained for the bare core wés assumed, for
the reflector saﬁings estimate, tO‘be,the equilibrium blanket flux energy'spec-
trum. Averaging blanket parametefs over this spectrum and assuming an infiniﬁé
blahket, the reflector savings was found to be insensitive to the bare core
radius and bare core spectrum‘over the range of interest. For the study of
system mass, breeding ratios gnd ‘flux energy spectrum as a'function of the plut;
onium to uranium ratio, the refiector savings on the bare core radius was assumed

to be a constant.

“ 4e2,3 UNIVAC Calculations

In order to obtain a better representation of the effect of the blanket

281
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on @hg core and to gain information on the desifability of a modergﬁor section
in_thgyblgnket region, the Re-7 Argonne National Laboratory code for the UNIVAQ
was employed., The iteration in thié gode.was:perfbrmed'oh ﬁhe fuéllto dilﬁent
ratio rather than the che radius, ‘The optimum system core radius from the
previous parameter study and seven regions (cqré, core vessel; lead refleqtor, -
first blanket, moderator, second blanket.and graphite reflector) were used.
Extra lower energy groups were employed,becausg of the lower energy spect:um
in the blanket.

" The input information, calculation procedures and restrictions of the RE-7
code are covered‘in reference 23, The results of the problem consisted of -
the critical fuel to diluent ratio, thé criticéliti factor, the fission source
at each space point; the integral of the fissionlsource over each region, the
flux at each space point in each énergy group, the integral flux over:each

region in each energy group, and the net leakage out of each region in each

energy group.
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L.3 CROSS SECTIONS

4.3.1 Energy Groups

For the UNIVAC calculations thirteen energy groups were employed.,
These are rresented in Table 4.X, section 4o30ds The last four groups were

combined ‘into one group in the bare ten group parameter study.
4.3.2 Sources of Data

A1l total and fission cross sections as well as the (n, gamms) of
‘uranium-238 and the (n, alpha) of chlorine were obtained from.BNL-325° The
capture cross section of plutonium was calculated using values ofax'employed'
in reference 24. The inelastic scattering.cross section of}uranium and plut-
onium were obtained through a private commuhication with L, Dresmer of ORNL.

These values were based on the experimental work of T, W Bonner of Rice Institute,
M, Walt of LASL and R, C, Allen of LASL. The sources of other inelastic scatter-
ing cross sections are references 25, 26, and 27. The snectrum of inelastically
scattered neutrons was taken, for all elements, to be Maxwellian in.form»with
the temperature of the distribution given by the equation e-t) b —C’ where E
is the initial neutron energy, b was assumed to be 20,7 Mev™ -1 and constant and
¢ was taken as 0,08 Mev for high energy neutrons and extrapolated to zero at
the threshold. In reference 28, this form is used and gives good agreement for
incident neutron energies of 1.5, 3 and 1 Mev. |

" Measured valuesrof’the transport cross section of carbon, iron, lead and
uranium-238 were obtained from reference 29, Additional values for these elements
and all transport cross sections for the other elements were calculated using

the angular distribution of scattered neutrons obtained from reference 30, Cap-
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ture cross sections for elements other than uranium and plutonium were cal-

culated using the method described in Section 4.3.3.

Le3.3 Calculation of Capture Cross Sections

‘ ~ Because of the lack of experimental determination of capture cross
sections at the energies of interest (.00l to 10 Mev), a theoretical, energy
dependent equation employing parame‘ters-'which can be estimated with some

31

accuracy was normalized to data by Hughes”— of capture cross sections at 1 Msv,

- The eqﬁation eniployed is that appearing as equation 4.2b in reference 32.

07 () = 2m%>

_nlr (el + 1)
20 2
DP 1+ I, ' {-_ﬂ/zg
' A
where the functions, I g are given by
L Ip (a)
L | 1/2 ‘
0 .g_. 'Yi_g. exp (-ipa/h)
\3/2 -1 ip
1 , (4 g (™4 %) exp ( -ipafk )

P .  %‘§'1¥1/2 1*1-_@_’?"

L1 exp ( -ipr/ﬁ )

Yor T Co
=
The penetrabilltles I 2‘ f‘or,Q equal 0 to 6 were calculated to be
|1, I =H '
2 2 ' 2 2 ‘
I~1 = |1, becos_1l + sin _1_ + |cos_ 1 -bsin 1l | |( , b=_T
L ' b b b b} - pa
2 _ |, a2 . 72, 3 |
I, = I, (3b°-1) cos_1_+3b sin 1 _ + 3bcos 1 - (3v°-1) sin 1 _
. b - . b \ Y b
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I. ‘2 =1 1% (15b -6) beos_1 +(15b2-1) sin 1
3 ° o b
. ~ e 2
+ |(15b°=1) cos 1 - (15b2-6) bsin 1|
2 2 2 4 2 . 2
% | = | | (1-455°+105b%) cos 1 + (105b°-10) bsin ;]

b ' b

CF EIOsz-lO) beos 1 - (1-45b° +1056%) sin l} )
b S . b

'15 ‘2 |I.o I ? E15-420b2+945b4) beos 1 +(1-105b%+ 945b%) sin 1 |
) b S 5

: 2 4 2 A : 2
+° 1(1-105b+ 945b") cos 1 -~ (15<420b° +945b™) bsin 1
b

o’

|16 | % = |I° 2{@“ 2106° — 472504 +10395b°) cos 1+ (21-10608+10395b%)bsin ;,], 2
s A b : b
¥ R21-1260b2+10395b4) beos 1 - (-1 +2106°-47255%+10395b°)s1n ;,1
b T b |
Note that p/b = 2,2 x 10° (E/ev) and

L
2

, if & =147 x 10712 A3 e,

pa/M = 3,23 x 10-4 1/3 (E/év)
) WEbri nuclei where the level spacing has been experimentally
determined‘and the.relevant energy stéﬁe 6f.the compound nucleus is not in
the éonﬁinuum,D (the level spacing) was obtgined as an average of data from
reference 33, If the relevant state is in the continuum, then D(7 Mev) was
determined from the experimental data points in Fig. 3.5 of reference 32, and
the equation D = C exp(-BE2) was used with C equal to 106 ev (for light nuclei)
and B evaluated from the 7 Mev data, E is the excitation energy of the approp-
riate compound nucleus. o | e |
The parameter Zfzn/b is obtained from complex pbtentiai.well theory and
is.plotted‘as a functionAof atémic.weight in referencé 32.

The equation for the capture cross seétion was then normalized to Hughes'
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1 Mev cross section data by solving for f:: [;?and Jh ‘were considered to be

gnergy independent.
4.3.4 .Tabulation of Cross :Sections: -

'Tgble 4.l.li§ts theAenergy groups and fission spectruﬁ used in the .
thirteen group calculations. All the cross sections used in these studies are
tabulated in Table 4.2 The spectrum of inelastically scattered neutrons -

(assumed for all elements to be that of uranium-238) is given in Table 4o3

TABLE 4.1
Energy Groups_and Fission.SEgctrum

Fraction of fission

érohﬁ Nﬁmbgr ‘ | | 'Energz Banq , . neutrons born in band
R " N 55 - 2,23 Mev 0,346
2 o 2.23 - 1,35 Mev | 0,229
3 1,35 - 0.498 Mev 0.301
4 0.498 - 0.183 Mev Y
5 0,183 - 0,067, Mev 0,025
6 0.0674~ 0.0248 Mov o 0;005
7 0.0248 -0.00912 Mev .02
g | 9120~ 3350 ev o ; o
9 33501230 ev -
10 | | 1230- 454 ev S
a - sk 300 e o
12 ' ‘ 300 -5 ev - | A“ | -
13- S | ‘ . 5-0ev | . -
-86-



N

. i Group Number

1

2R - BN R NC S S W

10

11

13

TABIE 4.2

Fission Cross Sections (barns) 4 -

239
Pu

2.0
1.75
1,65
1.8
2.0
2.4
3.2
4.0'
7.5
1n
40
60

-’8‘7-'

238
0.55
0,40

.02



continued

* ‘Group Number Pu
. .

1

N

D (o RN | (o NEIRN B - N w

.10
11

12

13

.06

10

.13

«20

1&0'9
7.0

‘25

45

% Assumed values,

4

Group Number

1

2

3
4
5
6

Ve

U

.02

.06

30

Pe
0063
0060
.0060
0066
.0093
.017
.037
.085
221
.51
.76

1.0

TABIE 4,2
Capture Cross Sections (varns)
o Bk %
.031 ,0001 - ,0003
.0007 .0002 . .0004
.0007 .0003  .0006
L0011 ,0004  .0009
-0019 0007 0013
0045 .00  .0025
.0097 .0025 . -.0059
.022  ,0048  .015
,050 . ,0088  .038
11,016 .061
19 026 .062
033 L042 .062
3.6 016 .063

2,0

2°O

Pp¥* o
.02 -
02 -
.02 -
02 -
.02 -
02 =
02 -
02 -
02 -
02 -
04 -
10 -

Tnelastic* Scattering Crose Sections

P

2.5
1.8
1.0

48

* Tnelastic scattering cross

section for removal from group.

g
3.3
2.7
1.0

o40

12

~88=

Fe

1.1

29

Fb
1.8
.55

.20

.003



continued

i © Group Mumber Bu

Pransport Cross-Sections®’ (barns)

[ [o=]

6.5
5,9
5,7

7.3
" .711‘ :

13
14
1
15 -
16
17

76

9.5

U

«060
.065
053
L0T2
.098

.11

1 7.0
2 6.2
3 6.3
4 8,1
5 11

6 | 13
;s
8 17
9 16

10 26

1 2
12 79

13 120

. 3 i3
Otr = Otot ~“H5 Os
Group Number Pu

1 <055
2 .055
3 -039
4 060
5 082
6 .091
7 »098
8 .10
9 ,082

- o

1.9

1.8

1.5

1.7

2,1

3.0
2.5
3.5
3.6

4.0

4e5
12

20

Elastic Scattering Removal Cross-section* (barns)

. Table 4.2
N Mg
1.9 1.3
2,2 2.1
3.9 3.1
4O 6.8
3.6 6.2
48 3.8
5.5 3.8
20 . 3:4
300 3.4
3.2 3.4
3.2 3.4
3.2 3.4
3.3 3.4

2.1
"2,6'

3.2

4o’
5.7

8.0

7.4
10
11
12‘,

12

3.5

3.4

5.5

EE R BB

[
[

9
1.3
1.3

2.8

ol
|

3.4

305 ’

3.6
3.8
3.8
3.8
3.8

3.8
3.8

a

032

31
.13
12
.13

Na
042

.51
.38
<34
.30
41
47

1.7

2.5

3

.27
045
.28
«55
.51
.31
.31
.28

.28

85

Fe

oy

.18
.088

012

012‘

220

«28

b
.095
.096

o051

.058
096

0

.37

.38
Al
.56

: 2

bR
b3

. 01;6

46

- C ’

1,7

200

2.8
420
445

4o5
4.6
4.6
406
4.6
4.6
4.7

4.8

¢
.51
.63
bl
.63
.71

071

’ 073

.73

73

v



10 - .20 .13 .22
1n 28 a1 .8
12 029 .07 }.16'
* 031 moa = 07+ 5
Aug

2 3 _4

27 .27 .39 11 A6 . T3
W65 - .65 .89 26 . 1,1 1.8
065 .065 .091 .06 .11 .18
 TABIE 4,3 INELASTIC SCATTERING SPECTRUM |
5 6 7
. 004.4. 0364 0377 0157 5058 ——
2 e 197 438 268 .073 ,024
3 — - 47 388 122 043
A - - - 574 300 126
5 — —— — - 703 -

=90=-

«297
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4.+ RESULTS OF THE PARAMETER STUDIES
44,1 Preliminary Analysis

‘ For an externally"‘cooied system, the Ima.xinnnn pdwer which can be re-
‘moved is proportional to the volume of the 'ﬁold;up in the external heat exe '
chenger. The system mass of plutonium is proportional to the total of the
system. Hence, an mcrease in .the power removed at a given core 'vol‘ume results
in an increase in the rat:.o of power to the system mass of pluton:.um. There=-
fore, the lowest inventory cost is obtained with the maxinum pcwer out-puto |
Engineering cons:.deratlons yielded an external hold-up volume of 3510
liters for a core power of 600 MW, wh:.ch was considered to be the max:unum de=
sirable. With this external velume constant, a prel:.mina.ry analysis was -per-
fcrined to minimize the mass cf Plutonium. Ome ten group, bare core calculation
was performed with a uranium to plutonium ratio of unity in order to otta.:Ln- -a'
typical core spectmnn. A This spectrum was uséa; to average core pa.rameters for a
one-speed." parameter study of system mass of plutnoium variation with core size. -
"Ihe one-speed" bare core crlticalitzg equa.tion is L Lap | |
[‘ - -064] (\J -l] -DB+Z ‘f'Zc

‘vhere o) . ol—:q 0;47 [/3 tr] /ﬂ -"'/R Qnd Z is the average
I ) :

macroscopic -capture cross section-of the diluents other. than u.ramum-238. In

terms of the bare core mass .of plutonium, M , and, the ba.re core: radius, R, this

equation becomes o

P
’

Moo fe (WE L 50 Ml [z 23,
e Wz glf%ﬂ"z TEEA | %7 %’/)‘]
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wnere (= 5—47’(\)4?,' - X, >+ O - oy . (1);3‘ ')

- A_ is the atomic weight of the zth element -
f_ is the atom‘fréction of the zth.element in the salt
F% isAthe density'of the salt in grams,ﬁer cubic centimeter:
N_ is Avagadro's Number times 10-%4
U 's are in units éf barns
M, is in units of grams
—A,_R 1s in units of centimeters |
Considerir_xg a refigctor s;avings: of 4R, _the core' mass ‘be'comes-

M =M, |_R-oR 3

c R

The system mass- of plutonium, Mé, is thus, for an external volume.of Vos -

M = M;c-f : Ve
éL 77-113 ’
3
With an external volume of 3.51 x 106 ce, these equations numerically yield

M, = [1.25 x 1048+ 0.132| | B=2E |} 1.05 x 2010 +1.11 x 10°

: o o . R - RmR '
This equatioh is plotped as the predicted resuits onFig, 4.1,

Ihé reflector\savings,¢QR, was détermined from a blanket reflection
coefficieﬁt»whichlwas §btained bj averaging blanket parameters over thebc0re

flux energy spectrum, The reflection coefficient was found to be insensitive

to core-radius° Thus a typical AR of 18 cm was used for all cases.,

" 4.4.2 Bare Core Ten Group Parameter Study

 For the reasons stated in section 4.1 the study was limited to con~

sideration of a salt of composition 3NaCl, 2Mg012, <TA 1 > PuClB, and
: : : l1+x
=92~
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: <? X > UClB; where x is the ratio of uranium to plutonium, N(28)/N(49). Cal-
1+ x° ‘ :
culations were performed for various values of x to obtain bare core critical

méss, core flux energy spectrum, internal breeding ratio, and the net core
leakage which was used to obtain the maximum external breeding ratio.

The reflected core critical mass variation with the‘reflected:co:e radius
is plotted as Fig. 4.2.  Note that the équation for.Mé in section 4.4s1 is of
fhé form | |

M, = kpR + kR’

Where:kg/kl is about 10~2 so that for R less than 100 om the deviation from
linéarity should be,leés;than 10 percent, This behavior is Seen:in‘Fig; A,é
which is the result of multi-group treatment. | |

_‘The gystem mass of plutoﬁium'obtained fromvfhe multi-group calculations
is given on Fig., 4.1 togethér with thé prediction of sectioﬁ bobol., It is
seen thatlfhe shapes of thé £w6lcﬁrves'are similar and tﬁat the minimumé fail
at the same feflected core radius. This indicates the validity of'tﬁe aésumption,
which'was madé’in the preliminafy anaiysis,Athat the parémeters, wheh averaged
over the core spectrum, were insensitive to a change of core radius. |

The systeh mass of plutonium énd the breeding ratios are plotted as a
function of x on Fig. 4.3. Core flux energy spectrums for x equal.to.0 and 1
aré given as f‘ig° 4.ha and x.equal to 2 and 3 as Fig, A,Ab; The rapid. increase
of the system mass of plutonium as x decreases from 2 was considered'to_faf
Qutweigh‘the.édvantégeg accrued from the higher breeding ratio and the higher

* flux energy spedt;ﬁm; thué:the optimum sYétém was chosen to océur with x equal

to 2,
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4 k.3  Reflector Control
In a reactof with a-high core leakage, control can-be affected by
cha.nginé the ffaction- of the out-going core l_eake.ge‘whic'h is returned.. Us:;].ng -
a molten lead reflector in which the level is varied, the largest contribution'
to .control is due tc,the-‘ereation‘of a %roid.,sunr the core. This veid -
results in some of the’ neutrons reflected by the. blanke'b, vhich is now sepmted‘
from the core, to reenter ‘the blanket directly. .The cha.nge of - ref’lection Co=
efficient due to the separation of the blanket- fram the core is calculated assuming.
that the neutrons leave the blenket~ ir;,a _cosine. spatial distribution. In terms of
 the reﬂection 'coefficiehf with "no separation the effective _' coeifﬁcient with a void
surrounding the rea,ctozfj.co're is given by
o N 1, ___I_%d_____‘
‘ R + t (1 -) o
where R is the core radius and t is the thickness of the void- shell. 'l'he'
apprcx:lma.te values of o( t and R used in the’ system were o equa.l to 0.5,
t 2 2,5 cm, and R equalto 92 cm. For these values, ot * 15 equal to o.l»93.
_ .S:I.nce '!.:he:n.et. ccreleeka;ge‘is'.api);:q;g;na,t_eg,y one half the core neutron pro-
duction, ', : o N o | | o

4k %;-0(.5. oCl -3 0.01%

k (.

A‘tcmic Power Development Asscéidtes performed & threeirégion,- ten group -
calcula‘bion to detemine 4 k/k for the void. control. These results give k/k
equal to 0.016. |

g

ll- h.h Effect of a Mod.erator Section :Ln the Blanket Reg;!.on .

To detem:lne the effect of a graphite modera'bor section in the blanket‘
region, UNIVAC calculations empley:lng seven spa.tial reg:!.ens and. thir'been energy

groups .were carried. cut, For & consta.nt tctal volume of mcd.erator and blanket,
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variations merenm&&éngﬁ}mbdératp;%thigkgesswaﬁ@gpo;itimn.

The core flux energy spect:um with no moderator present in}@hq blgnket :
region was idéﬂ%iball witﬁ that,obfaihéd;with fﬁé'thickest modefﬁtor section’
. used, considered at its ciosest approach.to'the core, Therefore,rthe only con~-
siderationé in choosing an Optimum'systém were the concentration of plutonium
production in the blanket and £hé total breeding ratio. These two considerations
.are'Shown in Figs. 4.5 and 4.6. |

- The effect of a moderator section dn the outer blanket flux energy spectrum
'is shown‘in‘Fig° L.7. The effective capture cross section of uranium-238 in
the outer blanket is 1.45 Barns with the moderator séction present and'0;68
barns when blanket material was substitutéd for the moderator.
. Over the range of moderator thicknesses qbnsidered (0 to chm); the total
breeding ratio varied only slightly whereas.the average concentration of plut-
onium productidn“increased by a factor of about 1.6 with the averagé concen-
tration in the outer blanket increasing by a larger factor; Thus the maximum
moderator'thickness of'thirteen centimeters and the minimum inner blanket
thickness ofsfven centimeters were‘ghosen for the final system because of
higher average{concentration and more uniform spatial distribution of the plut-

onium production in the blanket.
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4.5 FINAL DESIGN

: Thé‘final system, based on the results of the-UNiCAC caleulations, con-

sists of the_seveﬂ'spatiai regions listed in Table 4;4,

TABIE 4,4 REGION DIMENSIONS AND COMPOSTTION

Region _ Outer boundary (em) ‘ Compasition

1, core . ' ) 92 3 NaCl, 2MgCl,, 0.6 UCl,

0.3 PuCly. /= 2.5 gn/cc
2, core vessel A ‘93°7 assumed to be iron forn'
| nuclear calculations
3. lead reflector : 96,2 . 1iquid  lead
4. inner blanket 1032 volume fraction U0, = 0,50
volume fraction Na = 0.42
volume fraction Fe = 0,08
5, moderator 126.2 | "vgraphiﬁe
6. outer blanket 1397 volume fraction U0, =
| volume fraction-Né = 0.44
- volume‘fradtibn Fe = 0,02

7. gréphite reflector 160 | ~ graphite

The detailed neutron balance sheet, normalized to one neufron absorbed
in plutonium in the core, is given in Table AoSﬂ) of Pu = 2,88 and 1)of U238g
2.5
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TABIE 4.5 NEUTRON BALANGE
' "neutrOn absorbed' neutrons groducedl
region 1l: :
fission In Pu o o o0 v v 0 0 0 oo . °‘00793 2,284
T .+ 0,207 |
Flestons 10 U e v o o v oo v e e u o os 0,048 o 0.120
captures.in U o owooooos e oo ;;. 0.238
Gaptures 1nCl o o o o o o . o o . . . o 0,111
captures INNa . v o 0 v o 0 o o 0 o s . 0.005
captures in:Mg o o s v e o o “e o . o 0,011
~region 2: | .
captures in Fe Ao.,Ao e e e e e .. 0,046 R
regioﬁ'?:' : | |
captures in Pb . . . . . clo oo o o ; o 0,012
.feéioﬂ 42
. figsions 1n'U . . . ; o e o 0 & e .. 0,023 0,058 . .
captures 10 U o ¢ o o o o 0 o o oo s o o 0437
, captureé iﬁ'Na. e o oo e e o 00 s s o s 0,003
”cébtures inFo . . S e e e e e e ... 0,041
fegidn 53
captures in C I I ; o o o 0,002
reéion 62 |
£18510m8 1N U o o v o v 4w v 0w v o s . 0,00 4 © 0,002
captures in U . . ¢ ¢« o ¢ ¢ ¢ ¢ o 5 o o o 0,411
captures inNa . . . . .. o s o o s o o 0,005

captures inFe . . . ... ... ... . 0,014
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.. TABIE 4.5 (cont.)

neutrons absorbed - neutrons produced
region 7: ‘ | N
captures inC . . . . . . o'o.o o o o 0,001
168KAEE « o o o « o o o o o 0 0 0 o o o o 0,055
totals for all Teglons o - o o « o o v o o o o 2464 20464

breeding ratio = 1,09 -

The spatial neutron flux diétributionAfor each of the tﬁirteen enérgy ‘
groups is shown on Figs. 4.8, 4.9, and 4.10. These plots are for a core
vessel thickness of 5.1 cm. and a lead reflector4thickness of 5.1 cm, These
values were subsequently reduced in order to increase the fast fissioné in U238Ain
fhe~biankettgnd'%oﬁredﬁbt§mhe.parasitic captures in the core vessel and reflector.
Energy épect¥ﬁms of the core;, inner blanket and outer regions are shown
on Fig, 4.11. |
The number of fissions occuring below lethargy u vs. u is plotted as Fig. 4.12.
The total system mass of plutonium is 1810 kg. This’extremely high velue
1s primarily due to the low density of the mixed chloride salt and to the very
la£gé,externdl hold-up volume. Because of the low density and the-lower thermal
cénductivity_of most low melting salts, this high inventory is an inherent
characteriétié of fused salt systems. The effect of the high external hold-up
vqlume could possibly be improved somewhat by employing a salt with better heat .

_transfer characteristics,
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CHAPTER 5 CONTROLS

5.1 GENERAL CONBIDERATIONS

The control of a fast reactor is no more dlfficult -than that of a thermal
reector. Even though the prompt neutron lifetime is much shorter in a fast
reactor, the delayed neutrons are still the controlling factor. It is fhe'number
of deleyed neutrons aveilable;tha£ determines the ease with thich the reactor
is controlled. In a plutoniﬁm fueled reactor there is less than one-half the
number of delayed neutrons that are aﬁailahle in a reactor using U238 for fuel.
Alse, a circulatieg fuel reactor reduces the'effective number of delayed neutrons’
available. for control because some are born in the loop .outside the core and are
lost to the-system. Therefore, the main difference between the contrel of a fast
and thermal reector is in the method of control.

Oee'method of control is with the'use of a‘neutron absorber; This method
is noﬁ‘générally satisfacgor& for fast reactors beeeusé'of ﬁhe'low:capture
croes secﬁions‘for ﬁeﬁérons in the high enefgy spectrum. Thie requires that a
large amount of absorber materlal be moved in a relatively short time. Also,
the conversion ratio in a fast breeder reactor is lowered.

Another method of control is w;th the movement of fuel in the reactor. This
does not lower the conversion ratio but does presentlthe'additionai proﬁlems of
having to remove the heat4geﬁerated iﬁvthe-fueiArod and having to‘precess
‘the rod.  This methed is net too practieeble‘in a circulatipg.fﬁel reaetor.

The use of a movable refiector appeare to be the most practicable method
of controlling a circulatihg fuel fest breeder reactor. This method has the
disadyantage of having to move a iarge mass of reflector matefial in a shofﬁ
-period ef time. It also loﬁers the conversion ratio elightly. However; this
'method of control was eelected for the reactor.under:consideration in thie

project.



5.2 DELAYED NEUTRONS

The control of a fast reactor withlonly promnt'neutrons‘available would
| be extremely difficult because the average 1ifetime of prompt.neutronsvin a.
fast system is of the order of 10 -6 seconds° When delayed neutrons are avail-
able, the average neutron lifetime in the system becomes approximately 10"2
seconds. This increases greatly the ability to control the reactor in a safe
manner. |
The fractien of delayed neutrons emitted by the fast flssion of plutonium-
239 is 0. 0023 and of uranium-238 is 0, 0176 From the-nuclear calculations
it was found that 5.7 percent of the total fissions are from uranium-238 so
that the delay fraction;'ﬁ?;:ls'0.0032,‘:This is. the value uhen the'fuel is
Anot being circulated. - o
In considering a circulatlng fuellreactor, it is obvious that a part of
the delayed neutrons will be emitted outside the core and therefore lost to
the system. The fraction of delayed neutrons that are useful to the circulating
-fuel reactor under steady state conditions card be calculated from the ratio of
the average concentration of delayed neutron precursors in the core to the
concentration of delayed neutron ;précursgr@uin}the:doréiwhenutheﬁﬁuel.c Cead

is stagnant. This fraction for the ith delay group can be written as follow3237

' : Nte N\
S = {d e e TN :

whene)\i is the decay constant, tq is the time spent in the core by the cir-

culating fuel, and t, is the time spent outside the core by the fuel., The
average ¥ was found to be 0.519.. Since one dollar of reactivity - a:(? =
0.0017, the reactivity dollar has been deflated nearly fifty percent due to -

circulation of the fuel.:
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TABIE 5,1
DELAYED NEUTRONS -FROM Pu2>7

i .'t’%. (sec.) . 7\1 (sec, ) B o §
1 53,7 0.0129 . 0,00009 0.462
2 22.9 0.0303 . 0,00062 ° 0,462
3 6,11 0,1134°  0.00045 0,464,
4 2,14 . 0.3238 - 0.00088 0.480
5 0,40 i.7325 . 0.00028 . 0,709
6 0.15 " 4.620 . 0.00002 0.88,

TABLE 5,2 38
. DELAYED NEUTRONS FROM y238 -

i T'l (sec.) . N (géc-l) 51 <4
1 53.0 0.0131 0,00014 0.462
2 22.0 0.0315 __ 0,00178 0,462
3 503 . . 001308 . 0000278 . ’ 00462
4 2,0 - °.0.3466°  _ 0,00718 . 0,480
5 0.51 - 1.359 . 0,00419 0.657
6 0,18 - © 3,851 . 0.00153 0.861
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- The lifetime of prompt neutréns can be ~calcuiatéd by
L-__ 1 |
v LJ;?;
where | v : ; ‘i’dE
- Jeq dE
and f _ ‘fzf ¢JE
o+ JedE

In the region below prompt critical, the delayed neutrons determine the

= ,0;5"" 10-6 seconds

-
7
7

average neutron lifetime in the syétem.

With circulating fuel’’

I. ? 161 é i + L- 0.018 séconds
( 1
With stagnant fue1>9

L~ § éi '+ L = 0,039 seconds

M
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5,3 TEMPERATURE COEFFICIENT OF REACTIVITY

The change in reactivity due to a change in t‘emperature is of importance
to the stability and control of the reactor. The largest contribution to this
coefficient of reactivity is from the expansion of the fused salt. The following
derivation.is for an approximate value due to the change in density of the

salt.
DB

(5.3.1)

+# = nf(r-
where DB2 = leakage cross section

-and Z/?

925_1 probability of leakage
£

- DB* - probability of non-leakage
/ e

. .

D | > A (5.3
efine 5 -5 - DB | (5.3.2)
Substituting (5.3.2) in (5.3.1) and rearranging we get ‘

L - /O o (5.3.3)
( Zr/m@z |

total removal cross section (including leakage)

IfD = L
3z,

then e Z_ 4 :
o - >7 (:fZ fi 4—3") ({}’)

From preliminary core calculations it was found that 35, Zt ~ B? ‘so that

small changes in 32;, Et in the numerator of (5.3.4) will not be affected very
" much if 3 ZPZ“B in the denominator is assumed to be a constant (503.4) can

be rewritten as

A~ C 2 S - . (5.3.5)
and ‘2_)— = .’21 N)r;__‘G.;t" ol NYC: (5o3u6)
and' 5 = N5 (5.3.7)
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Since Nr $ N
then N, s CzN : ' ‘ (5.3.8)
Substitnting (5.3.8) in (5.3.6)

Se=C Ny . o (5.3.9) .
Substituting (5.3.7) and -(5,,.3‘.9)‘ in (5.3.5) '

k = CoF° - | o -~ (5.3.10)
where’ 03 = clc oL + | |
Reactivrty dk ~ =2 C, Nd/\/—v 24V dNM (5.3,11)
kO, N N | ‘
and N«)‘Q ‘ ' ’
so. dt o~ , dp T N  (5.3.12)
K Z?g : ' :

~ From the curve.of’ fused salt density vs. temperature (°F), it was found .
fﬁat ” | |
dp ==4.2 x 10 ~ 4T
The average temperature of the fused salt in the cere ie i200°F and the
. evenaée density is | |

| /5 = 2.5 g/cm3
Hence | dl( o iJ_E. -3.3 x -10"4 aT ‘
and the temperature cojeoff'icient of reactivity due to the expansion of‘ the
fused salt is negative and approximately

3.3 x 1074 per p . ” _

T:he above e.pprojcimation was verified by a ten group, three're'gion me.chine |
calculation which found the negative temperature coefficient of reactivity
tobeZ[,xlO[’peroF ' »

..+ Since there is no experimental data on the density of the fused salt being
used in this reactor, it was felt that the high temperature densities as obtained

from theoretical calculations were not reliable., The temperature coef‘fieientz
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of‘reactivity obtained using the theoretical densities appears to be on the .
high_side° Therefore, 3.3 x 10"4 per %F was taken as an uppef limit. The
lower limit used in.simulator studies was 2 x 1072 per °F° These values appear
to bracket the coefficients used in the design of similar reactors.

There are several other factors contributing to the coefficient of reactivity.
The expansion of the lead in a partially filled reflector due to a rise in
Atemperature will give an increase in reactivity. A simple calculation was made
to determine the magnitude of this effect. It was assumed that the reflector
was & cylindrical shell 176 cm high.

The change in the density bf lead due to a temperature change waé found -
from Figure 5,140 to be ' . .

- 0,00065 g/em3/°F -
fﬁerefore,J/?:JA?-0900065 T
where T is the change in temperature from Too
‘ If the reflector;is:one ﬁalf full at 1200°F and the teémperature is.increased

so the reflector:level,willfraiseuoneeém,nthevweight of lead will remain- con-- |
s£ant, so

2 Thr x é‘%<i!f@ = ;L7Tr’(:éln+/ > ;J(ifz - 0.000bS 7ﬁ)

Réarranging; T

¥

so T a 177°F rise.

[-]
6. 000 65 (& hil)

10,22 g/me at 1200°F

If the total reactivity of the reflector is 0,016, then the average re-
activity per cm of'height is 0.9 x 10-4 per cm. Therefore, a 177°F rise in
ﬁemperature will raise the reactivity 0.9 x 10'42 The temperature coefficient

of reactivity due to the expansion of the lead reflector is then approximately
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Q.S_; JO'A and is positive; This is coﬁsiderably smaller than the lerst
value of the negati&eicoefficient used for expansion of the fused salt,

The Doppler effect 1s anqther;soﬁrce.of variation of reactivity with
tgmgergture,, The overall effect is to increase resonance cross sections with
an increase of temperature. Thus, the fissions in Pu?3? will ve increased
with increasing températuré, leading to a positive temperature coefficient .of
reactivity., This positive coefficienttis in part balanced by the negative
coefficient of reactivity arising from the increased ébsorption in the Pu239.

U238 introduces a negative coefficient of reactivity so with the proper
balance of the two matérialé, the positive coefficient can be cancelled out,

235

It was found in a U system that to obtain a negative temperature coefficient

of reactivity, the ratio of U238 to p?35 nuclei would have to be greater than

238 4o Pu39 15 2.0. Although

1.9. In the reactor being studied, the ratio of U
no calculation was made for the Pu239 system, it appears that if the temperature
coefficient of reactivity due to the-Dopﬁler effect is still positive, it will

be small compared to that obtained from the density changé in the fused salt,

=120~
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5.4 REFLECTGR CONTROL

The lead reflector will be used'pfimafily for shim control to compensate
for burn-up of the fuel,’ This will allow the addition of fuel at fixed intervals
rather than éontinuously‘if concentration~éoﬁtrol wéfé uéed;"The operéfiﬁg o
level of the lead reflector at the beginning of a Bufn'up period will be at a
point where only 0.0025 of reactivity can be added by completely filling the
reflector. This will allow for about ten days of operation bétween additioné
of fuel. | (

:The dumping of the lead'réflector caﬁ be uséd for normal shut downs of
the reactor, Awaever, the operating temperaturé of the fused salt must be
‘maintained during shut down either by -decay heat or by the addition of éxtefnal
heat. ‘This is to prevent the reactor from going critical due fo the négafivé
témpérature'coefficient of reactivity if the temperature dfops. Tﬂe.dumping..
of the fused salt will occur only as an emergency scram or when the reactor
requires maintenance. Dumping of the lead reflector for shut down will'rédﬁce '

greatly the'consequent start up time,
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5.5 SIMULATOR STUDIES

Simulator studies wéfe run to determine the stability of thé s&stgm uﬁder‘
changing load conditiqns° TheAload gemand’was varied frqﬁ‘full load down to
1/6 load in steps of 1/6. The‘lcéd was then taken back up to.one half load
and then to full load. Even though the load changes were made much faster than
they couldtbe changed in‘actual practice, the system proved to be very stable
under fhese conditions. This was because of the negative temperatureicoeffiéienﬁ
of reactivity and the large hegt capacity of the system. The use of differeﬁt
negative temperature coefficients of reactivity only changed the time with
which the system responded to the load changes. .

Due to a”lgck of time,.no method to hold the steam temperature at ips
desigﬁ point.wﬁen'the load was reduced was simulated, However, there are
sevefal things that can be done, either wholly or in part, to maintain the steam
temperéture° The temperature of thé boiler feed water can be reduced by redu&ing
the amount of steam to the boiler feed water heaters or also the steam temperature
can be reduced by attemperation. The auxiliary cooling system could be used :
| to remove part of the heat. This design calls for constant speed pumps but if
variable speed pumps were available they could be used to regulate the steam
teﬁxperatureo The temperature of the reactor could be varied by the reflector
shim control but there is a lower limit to prevent freezing of the fused salt,

The following diagram shows the design.temperatures of the various loops

in the system at full load.

~122-

.
.
XYY
sosvee
- seesse
XXX X
sese



.
.
seesse

svee
eoscse
sccose
enacon
XYY Y Y]
esse
XY}
xXxrl
seecee
XYY}

.
.

seesc
.

.

.

o

1350°F ~ 1050°F A 1000°F

»>. -
CORE _ FUEL S Na
e W e M) I
1050°F 900%F T 550°F

'
;

As seen in Fig, 5.2, the reactor power follows the load demand ‘with
practically no overshoot with a negative temperatureXcoefficient of reactivity
of 3.3 x 10.4, There is no'noticablé change in the mean fuel teﬁperature as
the load demand is varied,

A negati#e temperature coefficient of reactivity of 2.0 x loms;was used
to obtain the results shown in Fig. 504 E&en'with this small coefficient,
theAreactor is stable but requires more fime to reach equilibrium after a load
-demand change,

Fig, 5.5 shows the‘différent témperatures obtained in the system wheﬁ
the load is varied., This is with no method of controlling the steam témpérature
in the Simuiator circuit. '

The diagram used to set up this reactor system on the simulator is shéwn

in Figs. 5.6 and 5,7.
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5.6 STARTUP PROCEDURE

The following procedure is to be used when the core is empty and the re~ -

actor is to be started up.

1.

2,

3.

40

56

60‘

Bring blanket up to operating temperature by adding heat through the blanket

heat exchanger,

”. Heat fused salt to operatihg temperature in dump tanks,

With the lead reflector empty and the source in the:blanket, begin pumping

the fused salt into the core, stopping at intervals to check criticality.
With the source in the blanket; the multiplication constant is nét very
sensitive to the adaition of fﬁel until the reactor becomes neariy,criticalo
At this point, more care must be exercised as criticality is approached.

The concentration of Pu must be such that when the coreAis completely filled
and at operating temperature, the multiplication constant is 0.95. The
punping rate is 5 gpm which is adding reactivity at approximately 0.0001
per second. If a positive period is detected while filling the core, the
dump valve will bé openéd automatically. It is estimated that the solenoid
will operate in about 30 milliseconds and the core will empty in / seconds.
After the core is filled, finish filling the fused salt loop and start

the fuel circulating pump.. Add heat through fhé main heat exchanger to

keep the fuel at operating teniperature°

- Fi111 lead reflector to operating level, stopping at intervals to check

ecriticality.

Add Pu to bring reactor critiéal; This must be added in small amounts at

a point in the loop ahead of the heat exchanger to obtain méximum diffuéion
in the salt before it enters the core. This dampens out the fluctuations
of the multiplication constant which occur.when the richer fuel'enters the
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coré. These fluétua"f;i'én"s mist not bé‘lla‘rge- enough to. put the reagtgr on a
prompt critical period,.'l |

7'. If >the Vme,a.n_ temperature, bf the reactor is below .the opex_'ating te';npez;ature
after it has gone critical, continue to 8dd Pu wntil the ﬁreé/c,iﬂior re‘a.'che:s

the operating temperasture. Th‘en, co:_:ltrol the temperatui'e level by reflector

shim during the burnup period.
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CHAPTER 6 CHEMICAL PROCESSING

6.1 TPROCESS FLOW SHEETS

6.1.1 Core Processing
‘ Tﬁe.ésre processing flow sheet™?s 43s 44 44 shounAiniFig. 6.1.. Both
the core and blanket chemical treatments employ a Purex—typehprocess as an'
integral part of their processing cycles., Since standard Purex is a relatively
well-developed operation, it will not be explained in detail and is éhown as
a single block on the flow sheet. |

The chemical proceés for the éore'is given in the following outline:

- 8. The fusedksalt is drained from the core. After "cooling" at the re-

actor sife, it is transported to the processing plant.,

b. The solidified salt mixture is then dissolved in water using heat if
required. Proper precautions are employed to maintain suberitical conditions.

¢, Sodium hydroxide is introduced to precipitate the uranium, plutonium,
magnesium, and some fission products as hydroxideé° After qentrifugation, the
the filtrate solution of sodium chloride and some fission-product chlorides
is discarded by approved waste-disposal techniques, provided the plutonium con-
tent is low enough.

~d. The precipitate is dissolved in acidic solution buffered with esmmonium

ion.

e, Ammonium hydroxide is introduced to a pH of‘5s6 to precipitate the
uranium, plutonium, and some remaining fission products as hydroxides. Aftér
centrifugation, the filtrate solution containing most of the magnesium is again

discarded, if the Pu content is acceptably low,

f. The precipitate is dissolved in nitric acid solution.

;132;
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| g. A modified Purex.process is used to ohtain'decontaminated'plutonium |
nitrate. Details of some of the modification will be disoussed'in a later.
section.
h. The plutonium is precipitated from nitrate solution with oxalic acid.
T The plutonium oxalate is refluxed in hexachloropropene for 24=48 hours ,
at'é24°C, Impure anhydrous plutonium trichlorlde (containing carbon) results°
J. The plutonium trichloride is chlorinated with phosgene for eight hoursh
at 600°C to remove impuritles° The plutonium is then:in a form which can be

. returned to‘the reactor core.

.60102 Blanket Processing

The blanket process flow sheetl‘4 is shown in Fig° 6520 The following
outline summarizes the chemical-processing scheme for the blankets | )
a, The wranium dioxide-sodium paste is drained out of the: ‘blanket by use
of pressure and dilution with additional sodium, 1f needed
b. After the paste is "cooled" at the reactor 31te and then transported
to the processing plant, the sodium is evaporated from the uraniun dioxide and.
is recovered for re-use. “ o | |
e, The urenium dioxide powder is contacted -with ethyl alcohol to dlssolve‘
the remaining sodium, This step may not be necessary, depending on the efficlency
of the previous step. _ » N
d, The powder 1s then dissolved in hot nitric acid.
‘ é; The standard Purex process is employed to obtain decontaminated plut-
onium nitrateo
f. Steps h through J in the core processing outline are followed to ob-

tain plutonium in a form suitable for use in the core.

~I35--

.
csceee
¢ o

.

.



6.1.3 On-Site Figsion-Product Removal

6.1.3.1 Off-Gas System

To make provielon for the removal of fission—product gases,-an
off—gas system must be included in the de51gn of the reactor complex., In
addition, it is suSpected that some ohlorlne gas may be given off from the core
material although the amount will probably be small,

With the production of some chlorine agsumed, the folloﬁing out.lir;e45
deecribes an off-gas system on the basis: that some 9.4—yeaf kryptonfwill be
formed and that the reactor will not be located in a desolate region where dis-l
pefsal techniques could be used.

8o The gases from the circulating fuel loop afe removed through a vent
et the top of the inlet plenum to the primary heat'exohanger° No coﬁpressor
is reguireop since the oofe system is under pressure.

b. After passing through a filter and a cooler to remove entrained particles
and vapor, the gases go through a let-down valve. The salt from the filter
and coolef is retﬁrned to the cofe system, o

Co The gases next.pess through en agqueous or eauetio scrubber and a silver
nitrate reactor to remove the chlorine. |

: d. The gases are drled at - 70°F to .remove wafer vapor.

o. After oassage through charcoal abgorbent beds, &1l xare’ gases; o s
are retalned in the charcoal, If a carrier gas such es helium or nitrogen were
introdooed subsequent to the let—down valve, this gas would'then pass through
a CWS filter or eduivalent and. finally out of a stack, |

Periodically, the charcoal beds would have to be heated and the rare

)

- gases thus driven off would be stored in pressure cy'linders° However, if the
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amount of 9./-year kryﬁton,were shfficientlj small, buried -pipes containing
charcoai at ambient‘temperature could be substituted for the refrigerated char-
_coal beds. and would provide sufficient holdup to allow decay of the rare gages

before release to the atmosphere,' ” 'i h SR L

6.1, 3.2 Precipitation Products

After the reactor has been.in operatioh for a time, it is possible
that certain fission products (presumably rare eerths) will build up to con=
centrétions exceeding their solubilities in the fused chloride core mixture.
Thus, it is necessary to consider the removal of precipitating fission-product
chlorides. Lack of experimental data in'this area requires qualitetive treat-
ment of this problem,

- Since fission-product coneentrations will be building.up rather slowly,
it seems reasonable that they could be kept below their solubility limits by
‘continuous processing of a small side-stream from the circulating fuel loop,
This stream would be tapped off from the hot stream leaving the reactor core
and then passed through a small large-tube vertical heat exchanger cooled by
an auxiliary sodium stream., The chloride mixture would then go to one of two
filters in parallel where precipitates would bebremoved. One filter would be
on-stream while the solid material was being removed from the other,

-To'insure effective removal of fission-product precipitates; it wouid be
necesear& to cool the side stream to a temperature below the'minimum in the
circulating fuel‘loop° In order to prevent introduction into the core of a
stream with cold spots, the side stream would be returned to the inlet plenum

of the main heat exchanger, allowing time for mixing.
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6.1,3.3 Distillation Removal of Fission Products

The possibility'arosé of the continudus partial removal of léﬁ-
boiliné fission-product chlorides from thelcore mixture by diétillation of
a small side-stream, Again}ziaék*dffeiﬁefiméntal’défé'pfeventsquanﬁitativé
treatment of ‘this problem, However, it is at least worthy of mention that it
might be possible to posfpone'fOr a long pefiod éf time the complete aqﬁeous
‘processing of the core material by means of an on-site continuous distillation

process.
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6;2 CONSIDERATTONS LEADING TO PROCESS SELEGTION v
6.2.1 Procesees:COnsidered

 Any attempt“to‘seleet a ehemiegl;prqceeedngrpreetmepp fef a_.reactor.
system as broadly defined initially as the one deseribed in this report de-
pended upon the basic problems of core and blanket materials selection. Quite
naturally, every tentative choice of materials for either the core or the blanket
necessitated a preliminary investigation of the processing problems involved
in_order to determine any excessive cost requirements or prohibitive eperating
conditions,
| Although the nature of the reactor studied dictated the general ﬁype of
material in the cbre,:there Qas a considerable degree of iatitude in choosing
the blanket material, as indicated previously”in the report,. Under censideration'
were uranium dioxide-sodium systeme and canned solid uranium in addition to
fused uranium salts. Thus the chemical processes investigated included pyro=-
-metallurgical volatilization, electrolytic, dqueous and other processes°
Tt became evident'very'early that any evaluation ef‘most of the processes
considered would be hindered by two potent factors, viz., lack of experimentel'
data and non-existence of reliable cost data. Since the time to be spent on.
chemical proeeésing‘during the course of the project was limited, it was decided
‘that studies would be restricted to those processes on which sufficient experi-
mental and cost'dataAwere available to allow a realietic appraisal., ‘Unfortﬁnately,
this decision almoet automatically eliminated everything except aqueous processing.
The above decision, however, was in 1ine with fhe general project philo-
sophy that the reactor system designed would be one for which a capability of

construction might reasonably be expected to exist in the next couple of years.
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In addition, it was felt thgt with the low fission-product capture cfoss sectiqgs
in a fast reactor, it might be posgible to process infrequently enough to make
aqueous processing economical by employing a centrglizgd prgcessing facility. .
The vindication of this idég appears later. :(Seg_Seqtion 603,1)° Actually,
this approagh‘should belconservative,vsince economics will undoubtedly dictgte
that'ﬁhe construction of any type of processing facility have no higher cos%s

than those estimated at present for aqueous planté°

6.2.2 Process Selection

Among the aque§us processes, the Redox and Purei processes have been
most widely studied and are feasible for plant-scale construction. Data'pn
other aqueous processes are not widely available, and it seems_unlikelyuthat
much cost advantage could be obtained with any of them., Of the Redox and Purex
processes, the latter is more economical; and thus, it was selected as the basis
for chemical processing to separate uranium, plutonium, and fission products.

Before the choice of Purex could be finalized, however, several problems had
't0’ be: resolveds. éince thinking was in terms of a centfalized processing
facility, it was necessary to ascertain whether Purex could be adapted for use
with the core material in order to be able to employ the same basic précess
fo; both core ag? blanket, This problem is discussed in Section 6.2.3. Further,
there remained the determination of ecopomical head-end and tail-end treatments
suitable for the materials in the £1anket and the core. Treatments were faxnd

and are ocutlined on the flow sheets in Sections 6.1.1 and 6.1.2.

6.2.3 Purex Modifications for Core Processing

Information obtained on fhe Purex process43 indicated that it would
be entirely feasible to adapt the process to handle feeds of high plutonium

A=



.
..

.

.
escecoe
e o
seesee
sesces

.o
.

:Eﬁhténpf'.However,.several major problems were .apparent immediately.

. ProceSsing'qf fuels with high plutonium content requires close control
of'the.fﬁ qoncentration to maintain subcriticality of all equipment., The high
conceﬁtrétioﬁ’of;fiésibﬁ:ﬁfoﬁuétéﬁin the feed poses both chemical handling and
radiolytic reagent degradation problems, In the plutéhium separation éteé,
the reductant (ferrous sulfamate) concentration must be stepped up td‘maintain
the increased amount of Pu in a chemically reduced state. This in turn leads
to a requirement for separafing large quantiﬁies of ferriq ion f‘i‘om_plutonium°
The solution of these problems would require development wﬁrk in the laboeratory.

Much more dilutq concentrations of uranium than in a standard Purex would
have to be employed in ordef to maintain the low plutonium concentrations
necessary for subcriticality. One'method for alleviation of this situation
which would bring the process closer to a standard Purex is to recycle wraniun
from the uranium strip column. This uranium is in a dilute nitric acid solution
and could be used with additional nitric acid‘to'diSSolve the hyﬁroxides from
the head-énd‘treaﬁmeht, yielding a solution closer akin to the conventional
Purex feed with respect_to.uranium concentration. To improve this treatment,

a higher initial TBP concentration could be used in starting the Purex to pro~
vide a higher uranium concentration in the strip solution and this latter solution
could be further concentfated by evaporation. | ' |

Longer erlAcooling times would lessen the decomposition of furex reagents
byvfiSSion-product decay., The increased amount ofAferric ion in the final A
plutonium sqlutiog could be handled by increasing the'ibn e;éhange facilities

employed in the standard Purex process.
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6.2.4 Alternate Blanket Process

-Tn addition to other processes mentioned, there was anothérAL*eon;"““
sidered which is worthy of mentioﬁ'in detéil, since it seems to have escaped-'?”é
mention in the ’-’1i't‘éraitm-é-*?af{d"’s!'i’né"e"‘“it" Kas quite interesting possibilities.

The process depends upon thé‘fact that plutonium dioxidé becomes réfréctbry at
a much lower temperature (500460000)thaﬁ-dOGQuwhium'dioxide (about‘llOOOC)
and most fissidn-product”dxides and hencde can be exceedingly aifficult to 
dissolve from an oxide mixture. As a result, if the proper-dissolution con-
ditions are used updn an oxide mixture in which only the plutonium dioxide is -
refractory, the ufégiﬁm dioxide and a good portion of the fission-product
oxides can be ‘dissolved initially, The resulting matrix can then be dissolved -
yielding a solution which contains mainiy plutonium with some fission products.

Since no ‘experimental data has‘been found on the decontamination obtain-
able, it is difficult.éo evaluate this process, .However, it is interesting
to consider its use fér fast reactor bred material, where very high decontan-
ination factors are‘not essential, due‘to low fission-product absorption cross
sections, One‘possible limitation of this treatment is that the concentration
of Pu0; in U0, must be high enough so that the Pu0, will exhibit its own pro-
perties, A -

A teﬁtative outline for such a process is given as‘foliowsz

a. The sodiun 18 removed from the wranium dioxide-sodiun blanket material
by volatilization and alcohol dissolution as explained in Section 6.1.2.

b. An oxidation}may be necessary to éonveft'ény plutonium metal to dioxide.

c. The oxide mixture is roasted at 500-~600°C to nake the Pu0, refractory. -

Depending upon the blanket temperature, this may have already been accoﬁplished
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during irradiation, On the other hand, too high a.blanket teﬁpérature could
cause all oxides to become refractory, destroying.the feasibility of this
- process. ' |

.d. The ﬁfénium”dioxide'and'mQSt f;ésiqn-p?oduc§,§xiQe§-gna dissélved.qut,
of the mixture with hot concentrated nitric acid. | | |

0. Thé remaining materiai, mainly PuO,, is dissolved in nitric acid
containing fluoride (aboqt 0.1% HF), _ ‘

f. The plutonium is,preqipitated;asonalate and treated‘as descriﬁed”in

Section 6.1.1,

143~



6.3 PROCESSING CYCLE TIMES
6°3°1 agg—_g.eg.ain

Thus far, little mention has been made of the economic feasibility
ofAthe chemnical processes already described.' Actually, preliminary cost estimates
were made before finaliprocess selection to insure that there would be no
economically unrealistic choice made,

The determination of processing cycle times revolves largely, though not
entirely, about the question of economicso For this reason, the major part of :
this section‘will be spsnt upon economics calculations., Although fission-pro-
duct buildup is not‘as harmful in a fast reactor as in a thermal reactor, this A
problem affects the economy of breeding and will be treated.

Before specific discussion is begun, it should now be mentioned and em-
phasized that all process economics will be based on the use of a large cen-
tralized chemical processing facility, Previous economic studies46 bear out
that the production of relatively cheap electric power requires the minimization
of fuel processing'costs throogh the existence of a central processing plant
treating the fuel from a number of power reactors. Thus, it should be borne in
mind that all cost figures are based on the assumed availabiiity of such a

processing plant.

6.3.2 Effect of Fission-Product and sa

_ ' "Although a study of the absorption cross sections of fission~product
elements at high neutron energies indicates that poisoning effects will be
'small in a fast reactor, it is important to determine the magnitude of this

47

effect and its influerice upon the core process cycle time. P. Greebler at:

KAPL has computed an average fission-product cross section from estimated
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resonance parameter distribution for U235 fission in intermediate spectra, -
From a plot of Greebler'S'results, averagé values of 2 o" for each group in
the final multi-group calculation were taken and averaged over the flux in

lethargy space as shown in Table 6 1

. Table 6.1
J

Average Fission - Product Cross Sections

- 2% L | B
Group (i) o barns) ‘ (_mnomalized) Z?Oj CbAL( —
T 0.029 0,057 0.00166
2 o O o.om 0.0780 0.00265

3 0.041 0.1862  0,00763

4 oo oass o.0u057

5 0,086 0809 0.015%

6 0.152 © 0139 0.02066

7 0.318  0.0980 0.03126

g 0695 0.0359 0,049

9 15 ~ o.0210 0.03150

10 2.8 10,0227 0.06356

1 5.8 0,007 o 0.02726

0.237 barn = 25;

To achieve sufficient burnup fo bfofidebﬁwo fission-pfoduct atoms for
each ﬁlﬁtonium atom in the core system would require abouf nine yeérs.of operation,
with 600 MW core heat production, aicgré system Pu inventory of 1810 kg; and an
80% load factor, If this situgtibh existed, calculations indicéﬁe that the
maximum possible fractional decrease in the external breeding ratio would be
s . ,
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= 0o = _ 0,237 = 0.090
Gp L +e) - 2.1 (140.26) o
provided that sufficient additional plutonium is added to' the core‘to maintainﬁé
a constant internal breeding ratio,™ Thus, with’an 1nitia1 external breedlng

ratio of ‘0,852 and a constant internal breeding ratio, the decrease in the

external breeding ratio per year will be

0.090 x 0,852 = 600085Aper year
9,0

et

No adjustment of this value will be made to account for removal of fission—
product gases, since this effect will only be about 10% and‘since there is
uncertainty in Greebler"evalues°

&

To account for transuranic buildup9 it was decided to make an order-of-
magnitude correction only, due to llmited line, Since it was felt that the -
net effect of transuranic absorption and fission would be of the same order-
of-magnitude as the absorption in the fission prodncts, the value for the de- .

_ crease in external breeding ratio per year due to fission products was doubled
to include the4transuranic effect. Thus, the figure for the over-all decrease

in external.breeding ratio will be

2 x 0,0085 = 0,017 per year

6.3.3 Economics and Process ngle Time Selection

G 6,3;3°1 General Cost Figgges and Assumgfibne-~‘" g

i ""’*‘%:.._..H‘ﬁ N

Since the processing cycles for both the core and the blanket |

are based on'the.Purex process, it was decided to obtain the best available

numbers on Purex costs and then correct these to account for the head-end

RN e 20 g,
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é%:o plutonium per day was chosen as a reasonable size, since this plantgfﬁuld

be

xble to service about 10 or 15 reactors. Existing da‘l',al‘8 show i;;§#?°f

about pror kgoof‘noayy e}ementlthronghput (Pu and U) for a stan@’ d Purex

" plant of this size at a‘processingiload;faotornofbapnppximatelngg%,_ This cost
- _ : . -9 ; S O% TPRLPRTIENIN 27 118. C ,

ppofit, - taxes,

g

- figure does nd¢ include charges for shipping, depreeiaﬁion,

O

inventory or insuggnceo h éigr
Rough calculagxnn on shipping charges indicated t,fn this Qould be a

minor cost for both blaj

et and core material, proviq; the latter were cooled
to a rensonoble levei. Si* e reaotor shut-down per; ods for(ﬁaintéhAQ;;'Sé fwo -
months or more are scheduled ﬁg?iodically, part # the cooling and prooéssing
could be accomplished during the&e times. Thugf both shipping charges and
extré'invéntory costs during proceé%ing would’ be held to a minimm and in fact
are both small enough percentage-wise ﬁ.a§J hey afe.nogloc%od inftﬁéﬂééohgﬁié
calculationso. ‘ ” |

“Analysis of the head-end treatmenﬁgéor the core material as to equipment

the blanket head-end treatmen—&indicated that the b?;ic Purex processing cost
45

would be increased by 5% oriless

&
either head-end treatmentfg

Thus, no cost adgustment-was made for

Since uncertaintyggkists concerning the effect that;n'oceSSing of materials

with high plutonium ntent will have on Purex costs, it w{; considered advisable

&

to adjust the stanéZrd Purex cost to take into account modiztcations required
for core materggi processing. "As the throughput in the modlf%;d process will

be smaller,_“

arbitrary decision was made to prorate the normal Purex cost to
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45
one-half of the normal throughput . The cost of processing core material is<-s

then $62 per kg of plutonium and uranium.

A figure obtained for the Purex tail-end. conversion of:plutonium nitrate j.-
Sincei
%

g?
\

to plutonium trichloride was. approximately~$2060 per kg of plutonium™

this is quite a high figure, attempts were made to discover some basis for

Further investigation49 disclosed that this was quite a

dreducing this cost.
frealistic number, due to the precautions which must be taken in.handling plut-

o= S e
R AR R S

/% ontim 1 high tration.
onium in vong;mig .:oncgé,ﬁégéggnanAﬁ,'ﬁ§&m¢£ﬁwﬁ
ng the reactor site stockpile for replacement of fuel burnup losse34
i

s w-eiCi..,
" &

Rega53?

; it was decided to commence each quarter of the year with a thres-month supply.é§§g<;~
v S ; R
%
f

and to allow this quantity to dwindle essentially to zero before replacement

3 at the start of the following quarter’° s i o
WS e s

wrk .

 6.3.3.2 Core Prooessing

To determine the optimum core processing cycle time, an economic

balance was made.between processing cost and loss in breeding credit due to

fission-product and transuranic buildup. ' Neglected was the increased pluton~-

ium inventory cost with time duo to the extra amount required to maintain cri-

ticality as poisons build,up.~ Preliminary calculations indicated that this

was a negligible factor. .Changes in inventory cost due to changes in cooling

time with varying process cycle time were also neglected

Since the amount of uranium and plutonium in the core material remains

essentially constant with time, the weight of these materials in the core system

is ;
3605. kg of U4-1810 kg «of Pu = 5415 kg U and Pu.
At a cost of $62 per kg. for head-end and Purex treatment, the cost for this

18- -



see
3 .

part of one core~§rocessing is
- '5415kgx$62/kg=$335?7000 T S
Wiﬁh a cost of $2006 per kg of pluﬁbniUm for comversion of Purex}ﬁlutonium
nitrate touﬁiﬁtonium.trichldride,ithé*coét?for*this’part of'oﬁe’core ﬁrocessing
1s | |
1810 kg x $2ooo/kg'= $3,620,000,
Thus; the,total cést for one core‘processing at any time'is
$335 700 + $3,620,000 = $3,955,700.
| On a basis of one year, the processing cost per year is

$3 955, 700
y

—~—

where y 1is tﬁe number of years'in the cofé processing cycle time;_

Each time the core is processed, the diluent salté and the uranium_
trichloride must either bé'réplaced or réco§ered°- Since the costAinvolvea is"
qﬁite smail, it will be computed on the bésis that the salts will be répl&ced
after each éore processing° Cost figures obtained for sodium chloride, ﬁagnesiumA

: 0
50, 15¢ per lb5 , and $10 per kg5l

chloride and uranium trichloride are 12¢ per 1b
Using these numbers, the cost of the core material (not -including plutonium

‘ ,trichlorlde) is $1.73 per lb of salt mixture. Thus, the cost for one replaee~
ment of this mixture is . |

Ly 3L T70db x $1.73/1b = $54§9oo,A

The cost for salt replacement per year is then ‘

- $54,900
4

From the calculation in‘Seciion 6.3.,2, the external breeding ratio de-
creases by 0,017 per year, With an 80% load factor and ane of 0,26, the re-
actor consumes 217.7 kg. of plﬁtonium per year, using the conversion factor

~149-
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that 1,0 gm. Pu fissioned = 1 MWD, With a total breeding ratio.of 1.09, the
average breeding credit per year is
| 217 7 x [e 09 - 0.5 (o 017) yZI x 315 ooo

en B G

Al :"{“ S LEERIN

where again y is the number of years in the core pr006831ng cycle time and

i) : N Zo B D B Cer wm

where the exness ‘bred plutonium is sold back to the AEC for $l5 per gram° The

results of selecting different values for y are shown in Table 6,2°

Table 6.2

Core Processing Economic Balance

Processir | Salt Cost Breedin Net Cost Net Cost
Cost ($10§), ($103) Credit §§103) ($103) (mils/icwhr)

¥
1 3955.7 5459 266.2 3Thdiods . 2,06
3 1318.6 183 210.6 11263 0.62
5 omon1 1.0 155.1 6470 0.36
7 565.1 7.8 9.6 uma3 0.26
9 439.5 - 6.1 Lhol 401.5 0.22
n 359.6 5.0 a1y 6.0 021
13 304.3 4.2 =70.0 378.5 0,21
15 263.7 R 22,5 3899 o2l . %

The results of the cost analysis show that it would be most economical - -
to process the core about once every 10 years or so. However, the core veseel
will be replaced every five years, entailing a long reactor shut-down period
Thus,. it was decided to process ‘the core material during this‘perlod and avoid

extra inventory charges during cooling-down shipping and processing.
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.6.3.3.3 Blanket Processing

To select the economically optimum blanket processing cycle

time, 8 balance was made between processing cost and the inventory charge on
the plutonium replacing that burned during reactor operation° It is assumed
that the internal breeding ratio will be maintained constant at 0 238 and that }
the external breeding ratio will decrease with time from its initial value.
of 0.807. | | '

With a total burmup of plutoniun in the core of 217.7 kg, per year and
an internal breeding ratie of 00258, thegnet amount of plutonium to be replaced
. : ,

© 0,762 x 217.7 kg = 165.9 kg Pu/year

again neglecting the extra amount ofrplutonium which must be added to counter-
act the increase in poisoning'Witb timedg If'an'inventory‘of’enougb Pu for |
tbree-months burnup is acquired at the beginning of each quarter, the initial
Qstockpile every quarter will:be |

165.9-x 0.25 = 41.5 kg Pu stockpile.

The average amount of plutonium inventory carried due'to‘replacement'of
burned Pu is then 7

1415 x [oa5 (L2.)+ 0.5:] kg ' Pu

where Z is the number of months in the blanket processing cycle time. The
olutonium inventory cost per kg per year is 4% of $15,000, Thus, the total
4" Pu inventory cost. due to burnup replacement is .

0.04 x 315,0'00 x 41.5 x [0.5 (z_ )+o,-5_)'_
3

PR B TRl s s AT R e

RS

Since the blanket contains. 15,000 kg of uranium, the blanket processing

BSEG S SR e e S
ERE LT 7

;Jicost per processing for the head-end and Purex treatments will be

s ; BRI
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15,000 kg U x $31/kg = $465,000

iince the amount of uranium in the blanket remains essentially constant with

 time, Per year, this cost is

LR TR i

4 465,000 x L2 e AR
s . ~,—:§‘ 3, ,,‘,:‘ ¥ . .

.‘ .,g:,‘-zf( A_;_:v?,é 5852 .;.#)}’mm%.; _',. ,,— AR

In addition, the charge per year for processing the blanket plutonium from :
Purex plutonium nitrate to plutonium trichloride will be

217.7 kg X<[é°852 - 0,5(0,017) __%] x $2000/kg.
75 .

The total processing cost will be sum of the two above costs. The economic
balance as a function of time between blanket processing cost and plutonium
burnup inventory cost is shown in Table 6.3,

Table 6.3

Blanket Prooessing.Ecoggmic Balance

, éverage Pu ~ Pu Inventgry Processing Total o
2 nventory (kg) . Cost ($10°) Cost ($10°) Total §§ 2 {mils[kwhr)
12 103,7' 62.2 832.2 89404 0.49

24 186,7 | 112,0 596,1 708,1 0.39

30 228.3 170 57,8 6848 0,38

36 269.7 161.8 5148 676.6 0.37

42 311.3 1868 4907 6715 0.37

48 327 211.6 4724 6840 0,38

60 5.7 261.4 445 . 706.8 0.39 -

The results show that the economically optimum blanket processing cycle
time is about three or four years. However,Aas there is uncertainty as to
the corrosion effect that formation of Na20 in the blanket will have, a shorter :
cycle time is desirable. Thus, a blanket processing cycle time of :two years

will be selected since the increase in cost is only about 0.02 mil :per kwhr.
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CHAPTER 7 SHIELDING -

7.1 GENERAL DESCRIPTION

The shielding of the reactor will consist of steel and standard concrete. N

L

In general component shielding will be omitted; instead a compartmental shield
will be used for the entire resotor cell room, This philosophy of shielding
,wes adopted in>order.to facilitate msintenance and replaeement of equipment
Since the entire reactor cell room will be underground (Flg. 3,3), the |
surrounding earth will provide additional shielding, however this will not o A\\\‘;w\
be taken into’sccount in the calculotions.' The ceiling or top of the reactor |
cell room will have a shield 1,75 feet thiok‘nade of steel, The‘sides of the
oell‘will have a thermal shield consisting of 4 incnes of steel and\é'biological
shield of 6 feet of ordinary concrete, The‘thermalfshield will be made of
'3 7/8 inches of carbon steel-and I/S'inch of stainless«cladding on ali‘sur—
faces which will require decontamination. Cooling of the thermal shield was é%
not designed;‘ Houever, it presents no problem, einher air or water oooiing
may be used, The thermal shield structure will alsoc provide the,foundation :
‘ for-the steel containment vessel over the reactor plant;' The:biologioal,shield

will be made of ordinary concrete; all special concretes were rejected due to

52
their high costs,
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7.2 REACTCR SHIELDING GALCULATIONS

7.2.1 Neutron Shielding

The results of the Univac calculations were utilized in determining
the ‘neutron leakage flux to be attenuated Only the first four energy groups
are of any concern with respeet to shlelding° Below are tabulated the energy

groups and the neutron leakage.,

Table 7.1 )
leakage Neutron Energy : _
Y (neutrons)
J (Group No,) E (Mev) __se
01 i ' o «2,.,23 2.3 x"1027
.02 2.23=-1,.35 4.9 x 108
03 . ’ . 1035"’0050 2107 X 10
A 0,50-0,18 20,7 x 108
, .

i The leskage surface area of the reactor is 2.3 x 105 cm . This:results
in a leakage flux of 1.0 x 103, 2.1 x 103, 9.5 x'lOB, and 12,6lx 103 neutrons
per'cmg per sec for energy groups 01, 02, 03 and O4 respectively. This leak-:
age flux is extremely small,_henee-the gamma rays will be the determining

factor in the design of the shield.

7.2,2 Gamma Ray Sgielding

Four major sources.of gammavrays exist in this reactor configuration.
These sources of radiation are the prompt fission gammas,'fission product gammas,
capture gammas, and inelastic scattering gammas.
: The mmber and energy spectrum of the prompt fission gammas pergﬁission :
is given in TID - 7004. - -By using the following equation; the .number of gammas. :
ln‘this reactor system is determined:

~154="



Noy=3:1x 100 (8) P(r)

?he‘tower density P(r), was taken as 167 watts per‘c,ca‘the average power density
in the core. - . - . {

During operation, gammas are given off by the fission products. The mumber -
end.energy spectrum per fission is glven in TID = 7004. Again the everage'.
power density of 167 watts/c.c. was used. | |

' Gammas are produced due to capturee in the core vessel and the leed re-
flecto_r.‘_‘The» core vessel was assumed to be steel, Using the average thermal
flux in the c°re vessel as given by the Univac results, the cross-section for
capture and the photons of various energies produced by captures, the number
of gammas produced was calculated. Using the same technique9 the same was done
for the lead reflector. | |

Inelastic scattering gammas are produced in the core vessel Jead reflector,.
and in the blanket, Since the high energy gammas are the most dlfficult to
shield, 1nelestic scatterings of only the two highest neutron energy groups
‘were calculatedo' A major assumption was made concerning the energy of the
‘gamma produced. Since very meager information exists as to the nmumber and
energy of inelestic scattering ganmas, it was assumed that the Ol neutron energy:
group produced a single 10 Mev gamma and the 02 group, a single 2, 2 Mev gamma°
It is realized that this is a conservative assunption,

The energy spectrum of all gammas produced will be4approximated by four
energy groups; 2.0, 5.0, 7.0 and 10,0 Mev.'vThe'photons produced of eneréy4less<
than 1.5 Mev were neglected; all others were averaged into the groups above,

A further approximation is that the source of gammas other than core s, will
| be“taken as located at the outer surface of the lead reflector. The core was

agsumed to have self absorption and some attenuation is produced. Below are

=155 Dl e
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listed the number of gammas produced:

Sec-cm2
Table 7.2
‘ Gamma Ray Sources :
1. Prompt Fission - Core 2,0 3.1 % 107
_ 5.0 | 3.3 x 1002
2. Fission Product - Core . 2.0 o 1.2 x 10%
3. Capture - Cors Vessel 2.0 2.9 x 107
| | 5,0 - 7.,0x 107
7°d 'A 6.4 x'107
10,0 1.4 % 108
Pb reflector - 7.0 | ' 1.6 x 106
4; Inel;stic Scattering | |
dore Vessel 2,0 . 4eb x 109
o 10,0 | 1.0 x 1010
Pb reflector o 2.0 2,9 x 10°
- 10.0 | 4.6 x 107
Blankét ' 2,0 o : 7.8 x 1012‘
| | 0.0 | 3.7 x 102

Since the 7,0 Mevw gémmas were mucﬁ smaller in number than those of other
énergies, they were considered uniniportant° This resulted in the following

total surface sources of gemma rays.
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Energy (Mev)-

 " 2,0
" 5,0
10,0

Table 7.3

Total Gamma Source

. #Photons
em? - Sec

1.5 x 1014
12

3.3 x 10

3.7 x 1022

The gammas are attenuated through the blanket of U0, and Na, the carbon

,modereter~amd reflector; the'air(which}was neglecte@x and the shield'ef steel

and concrete.

The spherical source was converted‘to a monodirectional infinite

plane source and the attenuation calculations were performed usingnthe appre—

priate eqmationso

Appendix B

For a detailed analysis of the shielding calculations; see

It was found - that 4 1nches of steel and 6 feet of ordinary concrete or.

in the case of the top shield the 1. 75 feet of steel results in a radlation

dose less than the maximum permissable dose of 50 mr/hr This dose of 50 mr/hr

was taken as the maximum permissable dose since no one will be required to

spend more than 2 hours per week in a radiation area.

This would give the per-

son a total weekly dose of about 100 mr/week which is one-third the maximum

'permissable'dose deeignated by the Atomic Energy Commission.



essece
sescnse
secese
sessee
e o
ss0cea
.
ceee

CHAPTER 8 ECONOMICS
8.1 GENERAL

The reactér powef cost of 6.5 mills/kwhr as presented below, compares
favorably with conventional power cost. It must be realized howéver that, in
spite of efforts to be on the conservative side, there are a number of un-
certaintiés which when resolved might substantially change the total cost of
reactc;r’power° | o | .

A considerable uncertaint& exists regarding reliability. The design is
,bgsicaliy simple, bﬁt the high negétive coefficient of reactivity combined
wiﬁg large temﬁerature fluctuations could result in frequenf dumping of the

The fuel and blanket proéessing costs were based on a large projectédA
centralized chemical plant and might be revised upwards in aetu&l.expefienceoi

" The cost of operﬁtion and maintenance are arbitrarily arrived at since'-

no experience is available, (Seé feference 56 and 57,)

=158



8.2 CAPITAL COSTS -

.The capital costs were predicated on the following assumptions:

"1). Cost of material and fabrication.

, Structural Steel - .20 $/1b
, |
) Stainless Steel . 3,00 $/1b

Ni-Mo Alloy . | 10,00 $/1b

Heat Exchangers 30 to 50 $/£t2

2) Cost of Installation
| Piping . 100% of ma£eria1s and -fabrication
‘> Vessels, Tahké'and Heat‘EXEho‘ 50% of materials and fabrication
B Pumps , : . 25% of materials and fabricstion
-3) . Overhead and Contingencies 40% of installed cost , |
Table 8,1 shows capital cost of equipment for the reéctor portion of the
plant. | -
| TABIE 8,1 . '
EQUIPMENT LIST AND CAPITAi COSTS FOR THE REACTOR PCORTION -OF THE‘PLANT

' ITEM ' - DESCRIPTION - MFR. COST INST. COST

Core Vessel _ 73 1/2"0.D, 1/2" Wall - $24,000 $36,000
Core Piping 24%0,D, 1" Wall - = $25,500 - $38,300
.. Core Heat Ex, - 3500-1/2" Tubes _ $390,000 - $660,000-
Core Pump 2750 GPM 140 FT Head $350,000 - $437,000
Core Dump Tanks C 3 - . L : e
4. With heating 250 FT $,8,000 - $72,000
Core Dump Piping - $10,000 - $20,000
Core Injection Pump 1 GPM 80.FT Head = $3,500 " $4,400
Core Fill Pump 5 GPM 80 FT Head $3,500 $4,400
Blanket Vessel , -120"0,D, 1" Wall ... $162,000. $243,000
‘Blanket Piping 20"I,D. 1/2" Wall $6,700 $13,400
Blanket Heat Ex. 1570=1/2" Tubes $83,200 © $125,000
Blanket Pump - 28500 .GPM 176 FT. Head $300, 000 $375,000
. Blanket Rem. Eqpt. ‘ - " $50,000 - $75,000
Blanket Fill. Eqpt. $75,000 - $94,000
Sodium Piping 42"0,D, 1/2" Wall $99,000 .~ $198,000

' Sodium}qupsn 4-28,500 GPM 65 FT., Héad . $1$OOO,QOO $l,250,000
I ~159~ '
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TABIE 8,1 ‘- (Cont.)

ITEM DESCRIPTION A MFR, COST
Boiler - . 2400-1/2" Tubes $410,000
Blanket Graphite . .
Blanket Lsad

Blanket Uranium e

Remote Repl. Eqpt.

500' Stack _

Instr. and Controls . . — .
Steel Shell - 60 FT. Dia 1% Wall : $110,000
Reactor Crane ' : :
Reactor Building

Emergency Cooling

.Sodium Dumping

Pressurizing and Venting System

8,3 LIFE OF EQUIPMENT AND ANNUAL CHARGES DUE TO CAPITAL COSTS

1) Life of core heat exchanger 2 years.

INST. COST
$50,000
~ $10,000

e $126,000

$400,000
$500,000
800,000
165,000
$30,000
$750,000
$500,000
$300,000
$400,000

Annual fixed charge = In’cerest-rtax-f- depreciation = 6+6450 = 62%:

2) Life of core, core pump, and core piping 5 years.
 Annuel fixed charge 6 +6 +20 = 32%
3) Life of reactor plant 10 years.
Annual fixed chargé’: 646 +10 = 22%
4) Life of turbo-generator and general plant 30 years

- Annual fixed charge: 6+ 6+3 = 15%

8,3,1 Power Gost Due to Capital Cost

1) Core heat exchanger $924,000 based on two years life,

0,924 x 107 x 0.62 = 0.314 mills/kuhr
1.82 x 109 '

2) Core, core piping, core pump, blanket pump, and sodium punps

$3,090,000 based on a five year life.

3.09 x 109 x 0,32 = 0.544 mills/kvhr
1,82 x 107 .
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.3) All other reactor parts $7,520,000 based on a ten year life.

7.52 x 10° x 0. 22

= 0,91 mills/kwhr
1.82 x 109

4) Turbo-generator and” general plant at 105 $/kwa

1,05 x 10° x 0.15
7 x 103

= 2,25 mills/kwhr,

Total power cost due to capital cost::
4,018 mills/kwhr

Equivalent capital cost: 7 x ¢ 10° x 4. 018 $187 /kw
0.15

8,4 FUEL INVENTORY CHARGES

1) Plutonium inventory in system 1,810 kg.
6

Inventory cost at 15 $/gm. Pu 1,810 x 15 x 103 - $27 1x 1o
Inventory charge at 4% = $1, 085 x 103 |
- 2) Plutoﬁium inventory (Average)
| Supply to the core 104 kg.
Inventory cost 104 x 15 x 10° = $1 56 x 1o6
Inventory charge $62.4 x 103 ” ' '
3) Power cost due to inventory charges,
Total inventorf charge $ (1,085+62.4) x 10° é‘i,i@&;zﬂi 10>

" Charge per kwhr. 1,147} x 107 = 0,630 mills/kwhr
S 7x 103 x 260 x 103

-161-.
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8.5 PROCESSING COST SUMMARY-

8.6

1)

2)

3)

The salt will be processed every five years.

Cost of processing uranium and plutonium with salt 62 $/kg.
Cost of replacing salts $1 73/1b.

Total weight of uranium and plutonlum in salt 5415 kg.
Plutonium processing cost at 2000 $/ke.

5,415 x 62 +31,770 x 1.73+1,810 x 2,000 = $ 4,011,000.
Core processing cost:: 4,011,000/5‘=,802,000 $/year
The‘blanket will be processed every gecond year.

Cost of processing paste 31 $/kg. of uranium. -
Plutonium processing cost: 2,000 $/kg.

Total weight of uranium in'paste 15,000 kg.

‘Total cost of blanket processings

15,000 x 31+184 x 2,000 = $416,500.
Power cost due to processing: |

Total processing charge: 862,0004—9416;5oo»= $l;2184500 '

. Charge per kwhr: 2.285. 109 _ LO.67mills/kar.

CREDIT FOR BREEDING

1.82 x 10

Breeding ratio: 1.09

Plﬁtonium gain per year: 10,3 kg.

Credit per kwhr: 10.3 x 15 x 106 - 0.085 ﬁills/kwhr,

1,82 x 107

~162- .
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8.7 OPERATION AND MAINTENANCE

Wé assumed a one mills/kwhr power cost due to-bperation-and‘mainténan‘ce°
8,8 COST SUMMARY

'The cost of procuding electrical,power by the system reported upon here

is shown in Table 8,2°

. TABIE 8.2 |
TOTAL POWER COSTS:

TTEM S MILS /igghr . :

Capital cosfs. o 4,018
Fuel inventory 0.630
Processing L 0,670
Credit for breeding -0.085
Operation and maintenance | 1.000 _
- | Total cost: 6,233 mils/kwhr. ¢
'.-1637 ‘
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CHAPTER 9. RECOMMENDATIONS FOR FUTURE WORK 4
9.1 GENERAL

In order to determine better the technical aﬁd.eépnomie feasibility of
a fusgd-s;lt fast power reactor.systém, an extensive program. of reSearch[and
development'would be necessary. The following‘sectionS'suggest areas in which
important contributions caﬁ be made toward the advancement of the fused-salt
reactor technology. | |

It is realized that‘signifieanf technical efforts in certain study.areas
mgptiéned may currently be in progres‘:;o However, lack'of‘knowiedge‘of-thi§~

work preventé inclusion here,
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9.2 -ENGINEERING

To increase the feasibility of a fused-salt reactor for power prddﬁéﬁion;
devélopment;programs shoﬁld be'cohducted-to perfect valves and variable capacity
pumps for use in circulating fuel heat exchange loops. To improve the basis
for the use.ofAonce-through,boilersg it would be most helpful-to have better .
data for the prediction of pressure drops andvheat transfer coefficients for .
two-phase aqueous flow in sucﬁ boilers.

To. treat the problem of heating in a volume whichfhaéﬁgammat;gyswbeingkéng
produced in it and is exposed to a gamma-ray source, bettér analytical methods
correlated with experimental data are required.

» Further information is needed on the feasibility of making the blanket
paste_of sodium and uranium dioxide or other high solid content slurries.,
Additional data on concentrations obtainable would also be desirable, as wauld
information on the characteristics'of equipment used to achiévé,sﬁéﬁ high con-

centrétionox

< v
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9.3 MATERIALS

ProgregsAin:the fusedbéalﬁ“technology necessitates extensive experimental
work on salt systeﬁé.. Phase diagrams for ternary and quaternary chloride -

. H .
systemsvcontaining fuel are élmost nbn—existent'and are badly needed. Like-
wise specific heéts, viscosities, thermal conductivities and other.pﬁysical-
properties of fused-salt4mixture5«are reqﬁired to analyze.possibie reactor
systemé° .

Information on the physical.properties of high density oxide slurries
in sodium should be-obtained. .The corfosion caused by the presence of Na20
in such a slurry should bé investigated, as should possible remedial techniques
such as addition of anti-oxidants.

Both static and dynamic corrosion-rate data on fusedlsalts in various
structural materials, eépecially the new nickel—molybdenuﬁ alloys, should be
taken in fhe.temperature range from 9OOol5OO°Fo The effects of mass transfer
in heat exchange loopé made of these ﬁéterials should ﬁe assesséd'experimen-

tally with long-time tests. Scale coefficients of fused salts in different

materials need to be determined.

=166=
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9., CHEMICAL PROCESSING

"'TO'eliminate or reduce the requirement’for :aqueous processing, it would
be advantageous to inmvestigate the continuous or semicontinuous removal of
volgtile:fission-products<chiorides by distillation from fused chloride mix- .
tures éohtaining.uranium‘trichldrideo It might‘&léo be worthwhile to consider

the oxidation of UC1 'andPuCl3 to U614 and~PuCl4 to effect a gross‘separafion’

3
of fuel and fertile material from fission-product and diluent chlorides by
distillation of the more volatile tetrachlorides. |
In the case of fused salt mixtures irradiated to.50 or-100% fuel burnup,

studies should be made to ascertain the effects of high .fission-product.con--
ceptrations on mixture propérties. Although precipitation agd:depositionf
might occur, this might possibly be employed as a:method for removing insoluble
fission~product. chlorides from a side-stream which-is coo1ed and filtered.

~Experimental work should be done on the aqusous rrocessing of fuels'con-
taining high concentrations of fission products and plutonium. Rgcycle of -

a diluent uranium stream to simplify the chemical and criticality problemé

involved should beiinvestigated°

9.5 REACTCR CONTROL

Further calculations of the Doppler effect should be carried out to
determine whether it is positive or negative. A detailed study of possible
reactor accidents'should be made in order to define better'the'control problems

involved in the operation of a fused-salt fast power reactor.
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9.6 ECONOMICS

Many of the cost figures used in making the economic studies in this re-

port are based on the arbitrarily standardized nunbers ﬁfuthe so—callq@

,ﬂChiéagb Treaty.' ‘In addition, other-figurés have been assumed with rather

weak bases, due to the laék:of good cost infofméﬁibn; Thus, further information
developed in the future or new AEC decisions may change any or all of the cost
figures. _

In ordgr to détermine the feasibility‘of a fused-salt reactor system which
will be constructed and operéted at some time in thé futufe,‘it will be nec-
essary to make more valid economic projectionms in time if any truly realistic
cost study is to be made. The ability to do this will depend largely'uponl
changes in the'amounf éf government regulation in the réactor field, which-

are difficult to predict.

-168~-
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APPENDIX A - ENGINEERING CALCULATIONS

A.1. CIRCULATING FUEL HEAT EXCHANGER

Total heat loadll‘. Q = 600 MW x 3,413 x 10 BTU_ = 2.05 x lO9 BTU
“Fuel i’low8 Wf = Q = 2.05 x. lO9 = 34.2 % 106 1b
) At x Cp 300 x 2 . hr
Fuel area at 20 fps fuel vel‘,)Af = Wf :_34,2 x 10 5= 3,06 2
S’V 155 x 20 x 3.6 x 10
Sodiuni flow wNa = Q ] = 2,05 x 109 = 45.5 % 106 1b
At x Cp 150 x .3 - hr
Sodi'qm_ area at 30 fps Na vel. ANa = Wy = 45.5% 100 5= 8.43 42
$V 50 x 30 x 3.6 x 10
-2 2 2 '

Tube area per'éel} T 2 = 1.57 x .20° = .0628 inch
R ) |

i - R . . : 2 .
Coll area, Ay +Ay,  x ,0628 = 4.8'+8.43 x .0628 = .272 inch

Ap _ | 3.06
Tube spacing a = [.272 = .792 inch
. . 0433

Tube clearénce) e792 - ,500 = .,292 inch which is adequate for welding.

Number of tubes, As

) o =306 = 3,500
| T, .1255/17%,
Prandt1® mumber for fueL Pr = C M = 256 72 x a6 x 103 - 4.8
' ‘ —%-“ . 1.x 10> ‘

Reynolds8 number for fuel,Re - vl = 240 x 20 x 155 x 103 = 15,4 x 103
' ~ 12 % _6.72 ' .
8 : e '
Nusselt number for f‘uellNu = .023 (Re)"8 (Pr) 4,= 023 x ‘2190 x 1.88 = 94.8

17 1 .93 = 2790 Btu/hr £t2°F

Heat transfer coefficient for fuel ) h=XK Nus
_ E D .40/12
. ' Lo - . 20
Heat transfer coefficient for tube wall,h = K = 12 = 2880 Btu/hr £t F
1" 73" ooy

=1 69-°
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Equivalent diameter for sodiusz = Q 4 . 9_4 = .99 inch

‘Prandtl mmber for sodiun, Pr = C Al % 1. 6 x 10° = 4.35 x 10~2
38 x 1(3%

Reymolds number for sodiﬁmJ Re = DeV.S:> = 299 x 30 x 450 = 810 x 103

7 12x153x10"4
* (®
Nusselt mmber for sodium N = 7+. 025 (PrRe) = 7+ .025 x 871 - 28, 8
Heat transfer coefficient for sodium, h = K Nu = 38 x 28,8 = 13,3 x 10 Btu/hr ftzoF
» 7 TP T T2 |

Overall heat transfer coefficient 0,

'-]*":Ao 1
u&.—mm
u 2 2,880 t=157500

+ AO " + 1 = ,],-, 5
thi h Ay ' hNa 25790
w = 1,100 Btw/hr ££° OF
Mean tempgrature difference, At = Aty - AtNa = 300.- 150 = 216°F

t/ﬂt 00
.ZnA e n %ﬁ

required tube length L= Q where
UA &%)

A N 7 & - A 2
A:Mﬂr%'rz%%Ox%%,_QSﬁ/ﬁ.

L = 2,05 x 10° =188 1t
1,100 x 458 x 216
Pressure d:"op8 through tubes APT = £v* S L
2g "D

Relative roughness = .00014 and friction factor f = .028

£
D

.028 x 400 x 155 x 18,8 = 15,200 1b/ft° = 98 £t
&4x4mh2

Entrance and. exit loss (K +X ) V2 = 1.4 400 = 8,7 ft
: 2  6hd

Total pressure drop through heat exchanger 106,7 ft,.

=170=
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Minimm allowable tube wall thicknésslg :

t = DP where P = 150 psi and from ASME Unfired Pressure Vessel Code at 1350°F
25 :

allowable stress,S - 3 OOO ps:lj,’_t o5.x 150 = = .,0125"%
_ 2°x 3,000 .

Fue'l hold-up in heat exchanger
VF = NT 77'22_ X L+VP/ where plenum ehambere volume y

Vp=heth, oy L, = ‘3.06213358 x2x 75" 2 12.4 f’93

2

= 3,500 x Thx_,40° x 18. 8412.4 = 57.3+12.4 = 69.7 £t
4 x 144, ' .

.Heat capacity of heat exchanger

C =V SCp=3,500x _ ] (.57 -.40)x179x49812-1840 Bty
1) °p
' 4 x 1

St
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APFENDIX A.2 CIRCULATING FUEL PIPING AND PUMP

Min S.S. pipe wall t‘.hicknessl9 t = DP

28
where P = 150 psi and from ASME: Unfired Pressure Vessel Code at 1350 allowable
stress S = 3, OOO psi
't =24 %150 = .600" use 3/4" plate
2 x 3000
Total Pipe Wall .75 SS+ .25 Ni-Mo =1, OO"
77
Fuel velocity in pipe V. = W, 6 '
p f . f - 24—“2 X 10 - 2392 f.puS.Q

$A, 155 x 2,64 x 3.6 x 10°
Equivalent pipe length: Straight pipe + 1 ell+2 tees +1 expansion

Joint = 3%+ 50"+ 2 x 120+ 40 = 333'

Pipe pressure drop A Pp - u_f_V_i S L .
: : 2g D .

" Re = DVS =22 x 23.2 x 155 x 10° = 980 x 10°
A 12 x 6,72

Relative roughness € = ,00007 and friction factor £ = .013
N D R ’

'A = 2013 x 380 x 155 x 535 x 12 = 3,180 1b/ft2 = 20.5 £t
6hol x 24

Developsd pipe length: straight pipeﬂutl ell +2 tees +1 expansion joint-

+ pump = 3% 3015';&— 8" 4+2.5'L 4" = 20, 65'

3

Fuel holdup in piping V = 20.65 1T 22 54.3 Tt

ANV

Total fuel hold-up core + exchanger +-piping

Total pressure drop of .core and external cooling sysi;em:

. ) ' 3
= 116.5+ 69.7 + 54,3 = 240.5 f1

Core head loss+exchanger head loss +piping head loss = 12.4 +106,7+ 20,5

Hd =139.6 £t = 150 psi
6 6

Pump horsepower - Wf x Hd 3 = 34,2 x 10" x 139, ; f 3,220 HP
V(xBBxlO .75 x 60 x 33 x 1 S

K
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APPENDIX A.3 - BLANKET -HEAT REMOVAL .

Region 1:

For a core power of 600 Mw operating on a 80% lﬁad fadtor, there‘will be
175 kg° 6f'piufonium bred per year. Thus at yéars end, jﬁstAbéforq processing,
the largest amount of power will be produced in the blanket.

In blanket region 1 (nearest core), the breeding.ratié = 0.401; Thus

there are 70 2 kg of plutonium in this region°

vy Volume of blanket region 1 = (4/3)m [ﬁOZ 8)3 (95 8)%]

8,67 x 105 ce,

ﬁa :~Piﬁtoniﬁm density of region 1 ;‘70.2/ 8.67 x 10°

0,0810 gm/cc.

-~ mean figsion cross-section-in fegion 1 averaged over the flux = 3.87 barns.

+]

((,ONO/A)J:; = (0.081 x 0.602 x 3.87)/ 239 = 7.9 x 10“"4' om™
!

iy

From Univac datas = 1,28 x 145 (From Section 4. 4)

1=
= Power in region 1 =V &1 d_) 1

"
-
0

8.67 x 10° x 7.9 x 10 x 1.28 x 10

115 - | L

1
8,77 x 10 7 fissions/sec.

25.3 MW .

Now from the nuclear calculations:
P = Power due to 'U(238) fission = 15.8 Mw, -

51_- Total fission power region 1 = 40.8 M.

For a conservative calculation we will take a total power in region 1 as

60 Mw.,. This will include fissions, neutron moderation, and gamma heating°
* 8 . .
Q -6omo-205x10 B‘I‘U/hr

6 1b. /hr.

Wy = O/C,AT = 2,05 x 105/0.3 x 150 = 455 x 10
| P Fw-
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Total Na flowAarea ;'WN;/(?Na = 4.55 x 106/ 51 x 30 x 3606 A
' & .
00826 ft.

Using 1/2" oD tubes with 50. mill walls

Flow area per tube = TrDz/Z = Trx 0.42/ 4 x U4

ay
0. 000878 £t°

=
i

Wumber of tubes = Ay/a; = 0.826/ 0,000878

940vtubes,

Using three rows of tubes equally spaced we have 314 tubes per row with the
tube centers on a 97,3, 99.3 and 101, 3 em radli. In the first row the tubes
are on 0,775" centers, 0.79" centers in the second row and 0.805" centers in

the third row. . Applying section 3.3.4.1

Row' - T, U(BTU/hr-~f£-CF)
1 0,500 1285

2 0.445 1430

3 0,500 1285

Therefore U = Average U = 1330 BTU/hr-ft-oF

The effeqtive length of the tubes is eight feet.

&y, = Heat transfer area per tube = (Tx 0.4 x 8)/12
T =0Q/UNap=2.05x10 / 1330 x 940 x 0,838 = 196°F,

Thus the maximum paste temperature will be 196 OF ‘above the sodium coolant

or an upper- limit of 1396°F,

Region 2;,
In blanket region 2, the breeding ratio 1840;404, Thus thére are 70,7

kg. of plutonium at the end of a year of operation.

217



(4/3) 1 [(129.3)° - (115.8)%}'
2.56 x 106 cc;

N
"

70.7/ 2.56 x 10° = 0.0276 gm/cc.

= 10.0 barns _ | :

= ((DQNO/A)CT;Z (o 0276 x 0.602 x 10)/ 239
6.96 x 10™ “4 en~1,

] .,‘_7\'“31'
NN
1] []

- 1.69 x 1074
6

(Sa|
N
!

= 2,56 x 10° x 6,96 x 107 x 1.69 x 10

N
1

3,01 x 1077 fissions/sec.

8.7 Mu.

P

Power from U(238) fission = 1.1 Mw..

Due to the thickness of the blanket and the large'absorption cross-section of
.U(238) for neutrons of low energy, we took the total power of blanket region
2 to be 40 Mw. This should lead to a conservative design.

OMa. = 1,375 x 1o8 BTU/hr

Q

Wy, = 1.375 x 10%/ 0.3 x 150 = 3.04 x 10° Ibs/hr.

Ay = 3.04 x 108/ 51 x 30 x 3600 = O, 552 2,

N zo 552/ 0.000878 = 630 Tubes. >

Using three rows of tubes; we have 210 tubes per row with their centers on
131.6, 136, and 140.6 cm. radii. In the first row the tubes are on 1.55" centers,
1.6" centers in second rbw; and 1,66" centers in the third row.

Applying sectiqq 3.30401.

Row r, U (BTUAr-fiZ:pF) :
1 Ao.935 , 780

2 o900 780

3 0.965 | 780
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Therefore, U = average U =780 BTU/hr;fétoF
The effective length of the tubes is 10",
| ah-T((OA)xlo/l2-1045 £t2.
| AT-1375x10/780x630x1045-268F
Tgﬁs the maximm paste temperature will be 268°F above the sodium ¢o§1ant or

an upper limit of 1468°F..

APPENDIX A,/ BLANKET HT. EXGR.

This is a sodium to sodium counter-flow heat exchanger. Naj represents

the primary blanket coolant and Na2 represents the seéondary coolant.

Q = 100 Mv = 3.41 x 10° Bty
hr .

. . .. .6

wNa1= primary Na weight flow = ____Q = 3,41 X 108 = 7.61 x 10 1lbs

. : CpATNa; <3 x 150 ~ hr
RS -
= tube flow area = W
by Najy = 7.61 x 100 = 1,38 £t2

Naj vNal 51 x 30 x 3600

where VNa was taken at its maximum "safe® value of 30 fto/Sec.,13
1

Using 0.5" OD tubes on a triangular pitch with a 50 mil wall

QT = flow area per tube

e = (‘,4)2 - 0,126 in,2= 0.000878 £t°
. , 4 A

N - nO. of tubeS - AT 1 38 - 1570

' o ey 000878 '

MR

Né., of cells = 2N = = 3140
. ) . . : . 6 . .V
Wia2 = secondary Na weight flow =-.__Q = 7.61 x 10 lbs
' ~ - CpaTy,, . hbr

A_ = secondary Na flow area = Wy, = 7.61 x 10° = 4.22 £t2
©Na2 T, - 50 x 10 x 3600

=176=
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In this case 'V was taken at 10 ft;/éec. in order to“allow'sufficient 4

Na2

space between tubes for welding in the tube sheets.

a_ = flow area per cell = As 4022 k 144 = 0.193 ih.2
s 22 o-L7.
2 ‘ 2N 3140 '
04;33 aﬂ - .(ﬂ;é» .

\;

a = 0.815" on tube side
Reygy = ODeVyay
/,(

. = o4 x 51 x 30 x 3600
o 12 x .53

n,
0-

348,000

'jPﬁméﬂ-z Cp A _ .3 X .53 = 00425
: K . 37.4

8 - .8
B\ =7 _1_ (RePr)°” = 7+_1_ (348,000 .x .00425)
N%hl 20 _ 70 RS

az O. ?’rf”

= 15.5

Bya1 = ™Wal g _ 15.5 x 37.4 12 = 17,300 BTU
. A —
De o4 hr.ft° °F

0n gshell side-

De = 44 =4 x 2193 x 2 = 0,982"

o P m(.5)

Rey » = .982 x 51 x 10 x 3600 = 218,000
. 12 x .53 '
Pryap = 0-00425 . , 4
Myn = 7+.1 (218,000 x .00425)"8 = 13.5
a2 e :
40

h = 13.5 x 37.4 12 - 6,170 _BTU o Basing over-all coefficient

Na2 982 hr.ft2 °F - - |

on outside aréal4 and a s‘tainless steel tube.
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- ) aj . -+ 05 X 005 + 1
17,300 x .4 - 12 x 12 x .45 6170

U = 1,485 __BIU
hr, ft2 °F

MID = Log mean temperature difference = 150°F

A = heat transfer area = 4 Q | = 3,41 x 108‘ - 1530 42
A UAT 1485 x 150
L = tube length = __A = __ 1530 12 = 7.44 ft.
N 7D, 1570 x <51

Total shell area = 2N(As+l/2£l.\.‘tt)) = 2 x 1570 (31934 .096)
. . 144

_ 6,31 £t.°
Inside shell diameter = 2.8, ft.
Using a 1" steel shell of 316 stainless steel

Outséide shell diameter = 3.01 ft.

APPENDIX A.5 BLANKET PIPINGS TO PUMP ( ~ » - = .o

Pressure drop in blanket tubes for 1/2" 0D, with 50 mil wall.
Na velocity taken as 20 ft./sec.
"Mean tube length = 12,6 ft.

Re = _(ODeV = 51 x .4 x 20 x 3600 = 233,000
M 12 x .53

_E = relative roughness = 0.00014
D .

f ~ friction factor = 0,017

APp=f ¥2 L =017 x20° x12.6 12 = 40 ft.
2g De 2 X 32.2 X o4

For the smooth tube bends in and out of the tube sheets, we allowed 1

vélocity head loss.

2 .
APQ - 20 = 6,22 ft.
-2 x 32,2 v
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AP core zAR; +A‘PB = 46.2 £t..

We took the worst possible entrance and ‘exit conditions - éﬁdden ekpaﬁsion
and sudden contraction.

K exp = 0,55 ° . 'K cont = 0,37
for 2 entrance and exit plemms A

'K = 2(K exp#K cont) = 2(.55 +.37) :11084 .

AP, =X vV =1.8, 252 -17.9 ft.
; 2g 2x 2.2 |

Inside pipe diam. = 16.3"

Na wvelocity =.30 ft./sec.

Using commercial steel pipe

"Re = 1.36 x 30 x 3600 x 51 = 14.2 x 106
T TTTL53 |
€ = 0.00009
D
£ = 0,012

total length - 10.67 ft.

AP = .012 30° x 10,67 = 1.1 ft.
R 2 x 32,2 x 1,63

‘Pregsure Drop in Elbows (4)

1,5'(designed‘so)
0.00009" -

0,17

‘ oy =/
Ufﬂ OOy ﬁw
n
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| -, o
4%, = %y v - .17 30 = 0.4 ft.

2g 2 x 32,2

-Pressure Drop in Heat Exchanger Tubes

L X 51 x 30 x 3660 = 348,000

Re:

. 12 x .53

€ - 0.000L |

£ =z 0.016

| 2 P . ,

AP _ = f L = .016 307 x 7.4x 12 = 49.5 ft.
HE 2g D . T2X 32.2 % .4 :

Pressure Drop in Blanket Tube Sheets

Area ratio = 0,364

Expansion Keé = 0.4

APce =Ke V- = o4 _ 20° = 2.5 ft.
2g 2 x 32.2 '

* Contraction Ke = .34

" APce - Ke V2 =34 __ 30 = 4.8 ft.
‘Area ratio = 0.245
Expansio; Ké = 0.55
AP‘-:Ké V2 _—_..,55‘ 202 = 7.7 £t.
‘ 'HEe 2g 2 x 32.2
Contraction Ke = 0.37
AP =K _V°__ = .37 30° = 5.1 ft.
HE& 2g 2.x:32.2

AP = Total Head Loss = 144.7 ft. = 51,2 psi
.Taking‘BQ% efficitney ‘of-the pump:” " ' nor 7 She rwr

"HP_= pump horée powér = 175 x 7.61 x lO6 = 960

60 x 33,000
. - i .
‘Thus use a 1000 HP pump.
’ LX) 0 e . . . .l. ... : :'. : ?1897
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APPENDIX A.6 SODIUM PIPING AND PUMPS

a) Pressure drop through heat exchanger |

XX XY

AP = ¢ v 5L where ‘De =099 inches and Re = 810 x 10° -

HE
| | 2g Dg ‘ ..
Relative roughness € = .00006 and-friction factor £ = .012
. ..D. T '
D PE - .012 x 900 x 50 x 18.8 x 12 = 1,910 1b/ft° = 38.2 fb.
6h.d % .99 -
b) Pressure drop through piping ’ £
APP = _f:Vi §$L  where De = 42% and Re = 34.2 x 106
2g De '
Relative roughness €_ = .000045 and friction factor f m .01
i . .
AP, = ,01 x 900 x 50 %200 x 12 = 400 1b/ft° = & £t

‘P‘” LOA X'Az' .

‘¢) Pressure drop through boiler

APy = ﬂz ¢ L where De = 2.22,Re = 1.28 x 10°
. % B, ; *

Relative.roughnes‘s € = .000025 and friction factor f = .01l
: D o _ .

APy = 0Ll x 400.x 50 x 50 x 12 = 924 1b/ft° = 18.4 £t
6lud, X 2,22 ‘

d) Total pump “head

38,248 +18.4 = 64.6 £t -~

:"é]};jﬁﬁ' P
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APPENDIX A,7 CORE VESSEL AND REFLECTOR HEATING

Gamma Sources and Heating -

The gamma sources were estimated by methods glven in the Reactor Shielding

Handbook.(zo) The prompt gammas were estimated using the equation:
Sv (Photons) = 3.1 x 1010 N(E) P (r)
em35€c )
N(E) = Photon/fission of energy E (20)
P(r) = Power density (watts)

a3 )
The power density was assumed constant and equal to the average‘of 167 watts/
:Cm3 for temperature riee calculations. .

The decay product gammas were eetimated assuming an infimite eperating
time and tme'averaged power density. Thie gamma spectrum mas also found. in

the Reactor Shielding Handbooko(zo)

These two sources yielded a volume source of gammas of 77.6 xlO12
hotons, of average energy 1.33 Mev, having the energy spectrum as shown in
cm3gec
Figure 3.17.
The gamma heating in the core vessel and lead reflector due to this source

was estimated using the Integral Beam, Straight Ahead Approximation.(15) This

approximation yields the equatlon°
d G:)‘* (rs)EJ(r)dn.(‘x 719)/(‘7 e-Z //{i Ari
<~ dvirg '
s

Volume Source'(photons/bm sec, )

2}
o -
]

- JE PpE) e
foo P(E) dE

P(E) = Energy distribution of photons

j=a] |
x/
[}

EfL(oﬁ/B) = probability that a photon will be emmitted into solid angle d_n.

185
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( 1 for4spherical source.) SR
W 2 . ' T ) \\:..- s
Sk A / /’e E, P(E) 4E \
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Assuming a sphericel source the generation rate was found to be:

o W
O (x) = Sy B g e /%‘An+z_ﬁ Ay[&ﬁgi¢ﬂ%

_azzdvf(ﬂ zAv)+ZAfE.(/~’£ )]
Y ey ES €s (=1
S

El- _ at
t=b

o ¥ '-t2

E=b e dt

2 Tt

With the use of this equation and the estimated energy absorption coeffldients

of the salt fuel, Figure 3.18 and stainless steel, Figure 3.19, and Pb(ao) the

gamma, contribution to the heat generation was estimated. This heat generation
rate is shown as & function of distance through core vessel and lead reflector

in Figure 3 20." The averaged~gamma heat generation rate was found to be 3.29 x 1013;
Mev 3 . . . ¥
o2 sec. in the core vessel and 1. 59 X lO Mev - in the ‘reflector. .

C sec

Neutron Sources and Heating

The neutron sources ‘were taken to be the averaged integral fluxes
_in & specific- energy group, ‘as given by the Univac calculations, over the core
' vessel and the lead reflector. Using these/averaged fluxes the average heat .
generation rate was then calculated for the spec1f1c neutron interactions of
elast1C‘scatter,.captureyland inelastic scattera The gamma source due to.
neutron capture anu inelastic scattering has been neglected°

I

-183-
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The heat.generation was calculated for neutron capture in each energy.
.grpup by: L L
G5 ®EE S

Se

m

ehergy transferred by neutron/incident = m
M+m

neutron mass

. "M = target mass
$E) - _JEF) &
' : ,j d3r
- ,
e

For neutron sc&ttefing in each energy group the heat generation equation becomes:

average energy of neutron in the group

capture cross-section, em™t

G=s B P®E 5,
‘55 1.(M_m"

M 4 m
A similar equation was used for heating due to inelastically scattered neutrons:

= P, @ 0@ E S

2

o] ( E ) B
g& =_m_ Z 1 - Iz e = 12
M E. 1-(1+§ -E
- . — . e ___
. . Tz Tz
(21)

TZ' = Nuclear Temperature

.Applying theseAequations over the five neutron energy groups havihg

'avefage energies of 3.75, 1.82, 0,92, 0.34, and 0.12 Mev respectively gave
13

- total averaged neutron heat generation rate in the core vessel of 6.36 x 10

Mev _  and in the lead reflector of 1.83 x 1012 Moy
3 3

cn’ sec. o , ' cm”’ Sec.

~18%~. -
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Temperature Rise in the Core Vessel

For reasons of simplicity in calculation the heat genénation rates

in the core vessel and in the lead reflector were.éssumed to be constants and

the geometry was taken as a slab.

The worst condition was assumed to be that at which the temperature in

the core -and the blanket were equal., With this in mind. the boundary conditions

were:

(1) at x

(2) atx=b, T, = 0

(3) atx=za, T{ =T

]
‘m
e
[
5
™
TR
3
D

(4) at x

The applicable equatidns were at steédy state:

Regiot
8
(Fe)

Regi
e%zgn
(Pv)

‘Region (1)

2
Ry o1 =G
M —— 1
dx?
Region (2) -
S a7
K 2 = -G

ax?

The solution to this set of equations is thén:

y 2 ' o
R B + B, Ko " x+8X (g, -Gy) -
1 2K 17 © 1
1 1 LS| '
2 2 e
T, = Gy (b"=x") _ By (b=x)

2K
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Using the previously mentioned average heat'generation rates in the core vessel

and the lead reflector of 3;68-ca1 and’ O 676 cal respectively, the

Cm3 sec cm3 sec

thermal conductivities and thicknesses of the core vessel and lead the equations

reduce to:

= %.6 x - 36,8 x°

[

46,94 22.4 x - 9,15 x°
(T = °C)

n

.These equetions yield a maximum temperature of 109.3°F at a distauce of 1,286
cm into the core vessel.

Since it is believed that a temperature rise this great would cause unduly
large thermal stresses in the core vessel it was thought that cooling of the
lead reflector would allev;ate this.

Using the previously derived equetions for tempsrature in the core vessel
‘ and the lead reflector and assuming that the heat femoval rate from the re-
flector could be essumed constant acrogs the reflector and that the interface
temperature was equal to that in the core and tlenket? a temperature distribution

could be calculated. Thus*these equations are:
Tl (X) = 4809 X = 3608_:X2

T, (x) = 25.8 x° - 131;5x +126.9

we found that- the total heat removal rate was required to be 2, 586 cal/em sec.
The maximun temperature in the core vessel had now been reduced to 29,2%F, It

was determined that this caused negligible thermal stresses°
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The tempetature distributionsein each of the described'casee are shown
in Figure 3,2i and‘Figﬁre 3;22 respectiﬁelyo | o
Reflector Heat Removal Calculation
Q= 3.80 x 10° BTU/r

. : : . S 6 L
Wy, = Na weight flow = __Q = 3.8 x 10 = 84,500 1bs/nr
cpAT _ .3 x 150 .

ap = flow area per tube = . Di% = _m(,4)% = .000878 £t2

A A x L4 -

AT = total Na flow area = Wy, ,= 84,500 = 0154 ftz

- 51 x 30 x 3600 : o
Oy

N = no. of tubes = Aﬁ = 20154 = 18
R e ° OO 0878

Taking the outside tube wall temperature to be 1228°F as calculated in
section on core shell heating, |

)

TNa)

Where subscript W refers to tube wall properties and Tl and T2 are tube -
surface temperatureso N V _
‘.L = 1ength of-tubing = Q . J. ot
: 7r(Tl - TNa) | kw Dw

=3.80%20% |__Los .12 | -102ft.
Iy [Bxs5.  T730x.4 |

For the above calculation, we took the minimum wall temperature to maximum

Na temperature. This will lead to a conservative result° .
' The effective length of each tube is 8 ft Thus, 13 tubes would transfer
the required heat and using 17 tubes will tend to reduce the core shell temp—

erature to a more conservative level

-187- -
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APFENDIX A.8 MODERATCOR COOLING CALCULATIONS

Q: 5olx106

BTU -
hr

Wy = 5.1 £ 10% = 1.13'x 107 1bs

.3 x 150 ~ hr.

ap = flow area per tubs = 0,000878 _f't2

4 5 - 2
- Wi = 1213 x 10 = 00208 ft
r #NV 51 x 30 x 3600

L] .

N = no. of tubes :'&Q&QS_“ =24 o
.000878 | ‘

To find the maximum moderator temperature; we approximated'the rectangular

cell by a cylindrical one of equal area

I‘2 - 4—022" -
r'l = 0,250 . . b - ,/‘
ro = 0.20" |
6 4 ’
G = g - = 8,22 XIO ..N,A_.
R A e
q = heat removed per tube = 5.1 x lo6 = 2,04 x 105
. 25 hr
Using the method derived in section 13.3.4.1
kK =422 = 0257 : axmg= = 7:75 BLU = 1112 BTU
.i_2.2_.< 4‘222 1n 4322 4—,45222— 025 ) hr in i ' hl’f‘bz op
4058 ° - 02’ 2 .
from the same section ‘
' h'a = 17,350 BIU
. hr £t2 oF
hw = 12 x 12 = 2880 BIU
<05 hr £t° OF
based on inside wall area
R N L S 1 =0,0041
i) «5 x 1112 .5 x 2880 17,350 .

-188-
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" hr £t OF

AH = heat transfer area per tube for 10 ft effective lgngth

LT % 10 = 1,045 £t°

12

For a Na temperature of 1200 (this is.maximum)

T2 = 1050 2,04 x 105 = 1475
710 x 1.045

- APPENDIX A.9 - STEAM BOILER CAICULATTIONS

" Q=700 Mw= 2,39 x 10° BIU

hr . .
Wya = .9 = 2,39 x lO9 = 53.2 X 10-6 lbs

CpNa ASTNa .3 x 150 hr.
Water inlet conditions 550°F , 2400 psia
Steam outlet conditions 1000°F 2300 psia

AH - Hout - Hyp = 1465 - 549 = 916 BIU

Toe
Wz, 0 - =239 2107 = 2.62 x 1o6 1bs
. B 916 b

Using 1/2% OD stainless steel tubes with 50 mill wall thickness - e
‘ap = flow area per tube = .127 in = ,00088 £t
Feed water inlet vel, = 7.5 fps

W0 :
N = Nno. of tubes - H2o - 20 62 X 106 :

THL0 Va0 87 46 % 7.5 x 3600 x .,00088

2400

-

{
Using a triangular lattice
No. of cells =~ 2N = 4800

. Using a Na veloéity'of 20 fps

5189;~
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a_ = Na flow area per cell = Na
s : - .
V. 2N
a Na
=530 2100 = y3c ip 2
= 53,2 x 10 = 435 in.

51 x 20 x 3600 x 4800

o435

433 a° = ,092

a

1.11" - -

Dividing the boiler into three distinct regions

1 I 1
' : : . .

Boiling " Superheated:

)
I . —! :
Iy ' 2 | 3 ' ‘ 4
Subcooled Heating ' g '

praps Sy SR

As a first assumption, caléulate wi%hout pressure drop

_ O. e Og. -
by = 550°F } t2:— 662°F
p, = 2400 psia Py = 2400 psia
rT .
H, = 519 BIU H, = 718 HIU
. 1b © T1b
Q=W (H- Y =W, . (T -T)=442x108§ru
sc = Va0 g = ) ¥y, Oty = Ty) = 4ed2 x 107 B
“but Tl = 900°F 4 therefore T2 = 928°E‘
MID = (T = 85) < (T = %) _ ope 350 = 302°F
© ' 1nT, <%, - 1n 266 -
2 2 £22
T -t : : 350
1° "

De_ = ég./; L x 4355 = 2,227
S P .2577_,

Re

o = LMeles Ne = 51x2,22x20x 3600 = 1,280,000
Na- » 12x 53 %

190w -



P-rE, - Cp K = 3 x. .53 = .00425
kNa . ' 3705 :

NuNa = 7+ ._]—'— (Re Pr)°8 = 7'.’_;__‘ (19280,000 X .00/.25)‘-8 = 3105 .

40 40

e = Mgy Kme - 315 x 37,5 x 12 =6380 ___ BIU
De . . 2022 ' s : 2 (o]

hr ft7-"F
PngO =1

.023 Re"s prod = .oz3'(_1_9o,ooo)°8 (;1)"»’* = 380

M0

bh20 = Moo XHoo = 380% 3 x12 = 3400 U
De, = hr.ft;‘,aF:_‘

basing over-all coefficient on inside tube &dres

=__a e S e 1,

L e m Wbt X
U Thy, A Ky, Ay B0 6380 X .5 12 X .5
= 7.84 x 1074
W= 1275 ____ BIU
br. £t° °F |
A= ___Qsc = 442 x 208 =115 £t.2
T (MD)__ 1275 x 302.
Lsc = Asc = 1150 . x 12 = 4,55 ft.
Wr D, 24007 X of, -
AP _=f L =.009 79»52 X x 12 = 2,26 ft,
8¢ 2g D 64,04, e .
= 0,66 psi. ‘This is negligible and does not require ‘teration..
Boiling

Assuming no pressure drop
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Cp

'Using the method outlined on Page 701 of Glasstone's Engineering

] iV, " 00413(‘%) .

| 4&t‘¥ [%_lg_p[g +1

L

e =120

,Na

e o
t2=662F | t3 —662F
P, = 2400 psia P3 = 2400 psia
2'=A718'§gg | | H, = 1101 BIU
ST ~ b
QB = Voo (Hy 2) = Wabp (T3 =
= 2.62 % 10° (383) 1.0 x 107 BTU
o hr,
Ty =T, 4 <~g = 298 + 2

2 x 12

At =By <5/
- 12x12

N

7.55 x 10°L q/

o1 | a, +_1_ q
6380 i} /x T2 )

+ ,‘134 q/ )oAlB
A

A

This function is plotted in Fig, (A-1).
_ (q/ ) = 330,000
\7ul, ~

>
o
0

266
At =329

k

<Q/ ) = 400,000 ‘.

1

e cp [g 1n b[g +1] 1n(§§i),

A.B

;mg_z;ul_____v
QBXSBZXIO .

(D) 5

= 991°F

16

o413

From Fig, (kﬁfl) H

+ 705

wNa P

co4l3

[@/A - 587 (q/A2 ossﬂ

- 5.32 x 10 x,.3(7 55 x 10“4) In 400 + ,705 x 5,32 x 10 x .3 (5.7 - 5.08 x 10

2390 £t°

330

=4y
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At =7.5x_1oi'LL (q/a)+ .13h(q/a)o'hl3» (2)

800

600

500 £

'uoo i-

300 :

100

80 :

60

50

Lo i

30

20

10

5

6

8 105 - 2 3
a/A
Boiling Temperature Difference
BB

: Figure-A-l



1= A = 2390 12 = 9.47 ft..

w1 2400 x .4
for plain H2Q
AP, w137 psi = 198 lbs/ft?
Guoo " Y20 = 2.62x10° x 1 = 31.4 1bs
- Ap 3600 @ 2,11 gec £t

Using the Martenelli and Nelson Equation(®)
AR =AP (OFrpr\ 4p ?
PF "~ 8% =
a4 L S N -

= 198(4.7) + .18 344° = 1590 lbg

= 11 -psi

This may'be neglected fof iterative calculations

Superheat
Assuming a 100 psi pressure drop
= o | = . o
t3 662°F t4 1000°F
Py = 2400 psia P, = 2300 psia
‘_H3=11,01m H, = 1462 BIU
1b o 1b

Qg = Voo (H, = By) =Wy, O (T, - T,) = Ugy Ay (MID)gy

® x 361 = 0.94 x 107 BIU

hr,

= 2,62 x 10

5

Re = o4 x 5,12 x 2gég x 107 = 610,006
Hz0 2 x .0

Py = L8

Mg = :023(610,000)°% " (1.48)°4 = 1360

SH



br.ft.% °F

hﬂzo=“'l‘é9'§fg'l‘11}2‘=139o, — B

On the Na side, the heat transfer coefficient is the same as ixi,_ﬁ the subcooled

region., . e
L=__ ok + ok (205) +__.1 = ,00121
U .5 x 6380 12 x 12 'x 45 1390
U =826 __ BTU
hr-££2-0F
omp), T 8) = (T3 -%3) 3y _ 55 - 149%F
B ™ e ~ . "1n 331
T %0 |
37 73
_ L ey Sy
Agy = 494 x 107 = 7650 %
= 826 x 149 '
L =__ 7650 x 12 = 30.4 ft.
2400 T J4 . .
for a compressable. fluid(8)
e R a2
AR =G5 (V) -V)) +£ LG

g 2 g,Oar‘H
G=W-= 344‘1bs/ft2 sec, o
A

V2e_,—. .Outlevt‘ specific volume

V1= Inlet spe.cifi‘c'vol,ume'

f = friction facter = ,015

rEs hydra’illic radius = ,101 in,

Fa =P+ B 300 52y - 3,05 1bs/ft>
2 RT_ 86 x 1291 :
4P = QAAE (,1966) + 3015 x 30,4 x ZAAZ,X 12 - 63:5 psi

2.2 4 ox 6hod x G101 x 3.5 :

Thus our aséumptio_n of 100 psi pressure drop is well within the accuracy of this
calculation, A ‘ '
Total length = L, + Lp + LSH = A5 ft,



APPENDIX B

~ B, Gamma-Ray Shielding Calculationé
B.l‘Sourcés of Gammas |

(53)

B.l.1l Bromgt Flgsion Gammas
' 10 g
N%J’ = 3,1 x 10. N(E) P(r) gammas
‘ ' em3 - sec

'P(r) = avg. power density = 167 watts
3

‘em”

Table B,1' Prompt Fission Gammas.

¥ -Bnergy (Mev) N(E) ’U‘s/fission Np '3231%;§j5
1.0 ' 3.2 1,66 x 107
1.5 . .8 o 4.15 % 10%°
2.3 e 85 b x 1020
30 T as 7.8 x 10t
5.0, .2 1.0 x 10%?
B.1.2 Fission Product Gemmas During gperation(SB)
' Table B.2 Fission Product Gammas .
Snorgy (tev) Byt
Ao | 2.0 x 16°° | 835 x 101%ﬂ
e T Tiaxl 2.5 x 10
1.3 - _x 20x16° . 2s7x10t®
1.7 | 332100 . 324 %107
2.2 | c21x200 . 1.6 x 1012
2.5 | 9 x10° xR
2.8 o 1 x10° 6 x 102
296-



B.1.3 GCepture Gammas
A, Core Vessel L
The average ‘thermal flux in the core veséel is 2,2 xiﬁ!!neuts«.I
. ' o " cn® - sec
Captures = ¢ = -
vessel ishgssumed to be iron
Thérmal ﬁeutroﬁ (,n,X),crosé-éection =v2§43A$arns
The énerg‘y’ speétrum of gammas isg(s 3)

#&photons'pef 100 captures
0=1 Mev 1=3 35 5T T

S ' 10 : 24 22 50

b =(DAL.0,‘= 17‘35! (:603)  (2.43)
A 56

T = 0.204 en™

Captures = ¢ T = (2,2 x 10%%) (.204)
= L5 x ldlo caétures
Cm3 - 3¢

Number of photons produced.

| | 9
1-3 Mev  : 10 x 45 x 10lo = Le5 x 10 Y's
- 100 - - em’ - sec

3-5Mev  : 24 X 4.5x10°0 = 1,0x1010 ®

106 ST oo
5.7Mev 3 22 X a5 x 1000 = - 1.0x 100 @

100 = .

THMev - 3 50 x 405 x 1000 = 2.3 x101°0 n

100
' highest energy gamma ~10,.2 Mev -
B. ILsad Reflectors

d=2.3x 1012 neutrons
2 S



, ‘Cép.tures‘ = 5 > : ' A
., = =~p—//z‘-v 0-‘,:, ' ‘. ;D;—r = 0,17 barns
‘ Gamma;S§eétrum(53) -
photons/100 ca;;tures
7 at 6,73 Mev
93 at 7,38 Mev

= (1 édn |
1L.34) (,603) ( 017)

"

.56 x 1073 cmt

Captures = (2.3 x 10°%) (5.6 x 107%)

1.3 x 108“9;&‘3\‘.__1;:'_9__3;
' cm3-sec :

Number of Photons produced:
Assume all J's are at 7.38 Mev energy

then {'s = 1.3 x 168 gammas |
| 3 3

cm” =5ec

B.1,, Inelastic Scattering Gammags -
1. Core Vessel ' -

Spatterings from Ol'ﬁd 02 neutron energj groups 6nly'.

,4)01 = 1.7x 10%3 peuts
cm-sec
= 13
b\, = 2.9 x 10 neuts
02 P
cn“=sec
221 = 92,9 x 10~ et
: 2102 = 24,7 x 107> en™?



Scattering of 01 group neutrons prqduces a 10 Mev ¥ » ‘02.group neutron gives
a2.2Mev § . |

Number of gammass

Ny =¢ 2 | |
10 M = (1: 13 -3y -
ev. Ny = (1.7 x 1077) (92.9 x 10™")
| = 1,58 x 10'12‘ AL
cm3-sec
2.2 M - 13y (24,7 x 16=3
2 Mev Ny = (2.9 x 10°7) (24.7 x 1077)
= 7,16 x 10“" Jy is
cm3-;s,ec

2. lead Reflector

, ¢)Ol =7x 10'? peutrons
’ 2
: cm”-sec .
- ¢02 =1:5x 101-3 neutrons
; : 2
. cm”=gec
ol a4
L, = 52.4 x A
Zgz = 16,0 x 10"3 cm-'l

Bumber of J 's:
N =¢ z,

(7 % 10%) (5244 x 10™2)

@10 M’ev NJ

3,67 x 10""’, J s
cm3-_sec

@2.2Mev N, = (1.5 x 10°%) (16.0 x 107%) |

‘ n o
2.4 x 107 _J 's‘ '

cm3=sec ’

© =199=



3. Blanket (First half) -
1

it

$01

E502‘

o1
2y

202

Number of gammass

10 Mev Ny

2.2 Mev Ny

2,

= 39.8 X 10-3 Cmu

g = 3RAx 10“3_cm"

3.2 x 10 2 neutrons

2
cmT-sec

8.0 x:10L° neutrons

cm? - se ¢

1

(3.2 x 10™%) (39.8 x 10™2)

1027 x 10 x 'S

(8.0 x 10™?) (32.4 x 10”

3

cm” -gec

6 x lO" ' g

3

cm”=gec

Blanket (Second half)
11

L

02
-'oi
Zy
202

1.7 x 10" neutrons

‘cmzws'ec“__ S

39.8 x 10~ cn”

4 = 32.4 x 1072 en”

1L . .
4e3 x 10  neutrons

cn®-sec
1

1

Number of gammas produced: |

@10 Mev Na’

@2R2.2 Mev Ny

N & : 3
(1.7 x 1¢7) (39.8 x 107°)

6.8 x 109 D fs-
‘ cm3;=s'ec ‘
(43 x 10M) (32.4 x 107
1.4 x 2000 ¥ g
. . Cma"'sec

-200-
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The above sources of gammas.willube broken up :into four energy groups; 2,
5y 7 and 10 Mev;- All gammas of energy below 1, S'Mev will be neglected. The
location of the source of all gammas other than fission end fission product

gammas will be the outer surface of the lead reflector..

Surface area of source

s, = 4B = 1m(96.8)° o .

1.18 x 10° cm®

For core gammas; accounting for self absorptions

S, = SyA  (55)
A=1
B o ST
2,0 Mev ¥'sc p = +29 cm'}
5,0 Mev &"s*' p = .30 em’ -1 o
Core Vessel Volume = 751,1 cm?; Pb Refelctor Vol = 1.4 X 103 cmBa
Blanket = 3.4 x 1016 .3,

Converting all the volume sources to surface sdnrces the following Is obtained:

Table B.3 Sources of Radiation : _A °

Source ' A N . Energy (Mev) - ' 4t£%§$%g§ec
1. Prompt Fission - Core 2.0 | 3.1 x0%3
5.0 | 3.3 %1072
2, Fission Product - Gore . 2.0 o l2x10h
3., Capture - Core Vessel 20 0 2.9 %.107
' - 5.0 . . - 7,0 x 107
7.0, 64xlo’
| 10,0 1.4 x10°
'Pb reflector 7.0 S - 1.6'x 10
L. Inelastic Scattering R ‘;' N L é
Core Vessel 4 © R0 Le6 x 10
‘ 100 1.0 x 10°
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Table B.3 (Cond't)

o ‘#iPhotons
. Source S | -_ “Ener Mev) } _ ’ cmgmsec
Pb Reflector 2.0 - 29 x10
| | 10,0 - 4.6 x 10°
» . , , 2.0 A A -7°8.x,103"2
Blanket o 10,0 3.7 x 100°

‘Table B.,4 Total Gamma Source

_ # Photons
. . ~ S 2 .
Ener Mév _ o .om__- sec
2.0 1.5 x 10%%
50 o 3,3 x 10%°
7.0 o 6.6 x 10"
0.0 ¢ ‘ 3,7 x 1002

The 7.0 Mev & source will be neglected.

B.2 Attenugtioﬁ'of Gemma Rais

Since.the'sdurce of gammas is_atfthe outer surface of the reflector fhere
will be atténﬁgfion through‘the'blanket; carbgﬁ moderator and reflector, and
the shield° |

~Bianket attenuation coefficient:

Blanket - 55% U0, by volume
 45% Na
ﬁ "'v]c\,yu""?[z.//ﬂla.

' Voiume of U0

y = o55 (3.4 x 106)
= 1,93 x"lO6 cm% , v
f9= 10,3 gm o
cc

2202=



Weight of.no2
Mols of UO2

Volume of 'Na

Weight of Na
Mols of Na

‘Total mols in ,

Mol. fraction. of. Uo

7

= 1.99 x 10" grams

7ol x 10% -

1,5 x 10° cn’

83 gm
cC

1.3 x 10'6 grams

5,7 x.10%
blanket = 12,1 x 10%

= 9,61

Mol Hacti‘én of Na = 0,39

Taking oniy U and Na as effective
2 Mev 5 Mev 10 Mev
Na s p/p = 0427 ;_c;m-a.':/gm - wp = 0272 cma/gn W = .0218 cm /en
Ui wp = 0483 cn/em o =-s0455 on”/gn Blp = 40531  cm/gm
Ener Mev E / ) Na u .
2,0 * 0.0363 ent, 0.5072 em™
5.0 10,0231 em™, 0.4778 em™L
10,0 - 0.0185.cm”Y, 045576 om™
D2 Mev |
g = fymy oy |
By = (0.61) (.5072) # (.39) (.0363)
Ry = 0.323
@ 3 Mev

| Fp = (461) (4778) + (.39) (.0231)

© & 0.300



(.61)‘(.5576)‘# (+39) (,61855

i
= 0,357
'For Carbon moderator and reflector
2 Mev W o= 10443 cm?/g
5 ﬁev : 4 p/,o = ,0270 %
10 Mev : WA= 0195 "
- 1;6 g/cc
2 Mev | p = .07 en™t
5 Mev S po= 043 en™t
= ,031 cmn%‘

10 Mev p

Attenuation Within Reactor

Table B,5 Gamma Attenuation Lengths in'Reacto:

Energj, . ‘B;ggkét N ' 1 ngp;n
- (Mev) j B (em™) | tlem) Bt | Ff’cm’l) “t(em) | pt
2. ‘ j 323 _20;5 6,62 | ,651 33 | 2.3
5 .300 20;5' 6015_» _,643 33 | 1.4
10 N T | 205 7.3 on 33 10

Conversion of the isotropic spherical surface source to an infinite plane sources

= 96,5 cm
A

(17 + 8) x 12 x 2.5, cm
- 760 cm

~204=




The infinite plane source which will.give the equivalen£ dose at the out-
side of the shield is: V

S(1nf plane) = —L- S (sphere)

| o
Sa“=9_§_,_§. S
760 7
S =13 Sy

Infinite Plane Souréeg

2Mev .13 (1.5x10M%) =2,0x100 _yts

2.

cm - = sec
5 Mev 13 (3.3 x 1012) = 4.3 x 1011 "
10 Mev A3 (3.7x107%) = 48 x 10w

Attenuation of gammass
- q e =E(px)
¢_ = S‘ae ¢

A, For L inches of st_'eel and 6 feet of ordinary concrete:

10 Hey  Blanket - px%

7‘.3.
‘1,0

]

Carbon - px
Steel (Fe) - px= 2,38

Concrete = ;i/p = ~,0229"cm2/g.-'

P=~ 2.3 g/cc -
p = .0528 cni":i" '
6 feet =-182 cm
p* _=',9,6- |
B(p%) = T3 41,0 + 2.4 4.9.6
L = 20,3 o

=203
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" Blanket = px = 6,2

Carbon =~ p=x = 1.4 -
Steel - pX =2.,5
Concrete< p¥ = 12,0 ¢

S(pa)= 22.1

¢'5 - ('1“3 x 1081y ( 7221y

G5 = 6.0 x 10° photons
| emP-gec
2 Mev o )
Blanket pa= 6.;62
Carbon px= 2,3
Steel px= 3.3

Concrete px= 18,6
Z(p )= 30.8

(2.0 x 101-3)' e_39°8

-2~
i}

1l

1.1 g_____hgton‘s (negligible)
‘ : . cn“-gec
B. For steel shield (top)

‘Using 1.75 feet of steel (53.4 cm)

10 Mev ~

. wp = 0300 g
. j’gm'
b o= .235. cm™t
Steel: px = (53.4) (.235) = 12.5
Blankets p== = 7.3
- Carbons px =10
=2065.



1&08 1011 'ea20,8

550 photons
. cn-gec

Steel ~ px=-13.1
Blanket px= 6.2

Carbon p - = 1l

20,7

¢5 - 1&_0"3 x 10119-2007

= 490 photons

cnizmsec

‘The 2 Mev ¢'s are negligible
. Dose (Unscattered)

A, Steel and Concrete Shield
‘Dose = (5,67 x 10°%) (Edf) (ka/0) € ¢ ) o i

10 Mev
o Dose = (5 67 x 10"5) (10) (0.0162) (8.9 x 10 ) X 103
Dose = 6,0 mr/hr
2 Mev A
| Dose = (5.67 x 10~°) (5) (.0293) (6 x 10° x 10°)

Dose = 3,3 mr/hr
B. Steel Shield-

10 Mev
Dose = 6.0 x 550
: 890.
- Dose = 3,7 mr/hr

+ =207



Dose = 3,3 x 490
‘ ‘ 600

~Dose = 2,7 mr/hr

A USing the build-up factpf'of water for that of concréte°

(For concrete shield) 4
Dose (scaitere&) = B, (p x) Dose (unscattered)
B, (p_.‘x.) =x. 5.(54)

Dose =4-500 (600 %+ .30\3) = 14'605 Inr/hr

For steel shield
By (px) %6
Dﬁse = 6(3.7 + 2.7)
Dose = 38,4 mr/hr

. =208=



APPENDIX ©
EXPERIMBNTAL TESTS
| C.1 Summarx of Melting Point Tests -

Since there was no available data on the melting points of the proposed
ternary chloride compositions a series ofitests were undertaken to provide soﬁe
fragmentary data. ‘ ~ |

The tests were run in the standard apparatus, ?h%e_oopeieted.of_a nickel
crucible in which the salt was placed, a nickel container ﬂphieh wag provided
with openings for a stirrer, thermocouple, and aldry“gas-epmoephere).intolwhich
the ordcible was gealed, All operations}were done.ip”efdrY.box, .
Since there was some doubt that the ﬂgC;z was anhydrous it was purified

'by the addition of some NH Cl and heated to its ‘melting point, This succeeded

4
in removing the water of hydration from the Mgcl _without the .conversion of the

Mg012 to MgO. This was determined by a petrographio analysis.

The_KhGl2 was then mixed to'the eutectic eomposit%onﬁ(éo%~mol NaCl) and
melted as a check on the accuracy’of the'equipment The melting point was found
to be 43700 as compared with 450 C, 5 the literature value,

Using the. above outlined procedure melting-points were then determined of
_ three salt mixtures having (1) 38.6% Mg 012, 57.91% NaCl 32498 U1 (2)

36.36% MgOly, 54.54% NaCl,;9.09% UClys (3) 33.33% MgCly, 50411_% NeCl, 16.66% Uel s
- The data is summarized below as: '

. Melting Point '
Sample L;guid © Solidus

@ L 5% - 420%

(2) - w32% £5°
: A ' 4 :
(3 . 505%2 40%2 . .405%

e 209-



€.2 Petrographic Analysis of Salt Mixtures ;‘
Petrographic analysis of the salt mixtures were done by Dr. T. N. McVay
at the Y-12 plant. These analyses are given beloW° i
Sample ones BEutectic of MgCl,-NaCl (40-60 mol #)
Main phase well‘crystallined. One p above 1,620”and"the other below;
There is microcrystalline material present and this has.a general in-
dex of refraction,beloy“l.544 (NaCi), This suggests hydration., X-rays

show neither MgCl, or NaCl..

Sample twos  (36.4% Mg0129-54;5% NaCl, 9.1%‘U013)

Sample has colorlesswphgse,with brown crystals. in it, Brown phase -
has p abdax'1,9o, UCl,
microcrystalline; Sample oxidizes in air and is hygroscopic, -

is higher at about 2.04. A1l phases are

Semple three: (38.6% MgCl,, 57.9% NaCl, 3.5% UCL,)
Sample has brown compound noted above., Very small lath crystals of
a brown phase are present,'-The sample oxidizes and is h&groscopic;

Conclusions More Data reduired to properly identify phases., .

‘These analyses show that for the. MgCl =NaGl eutectic neither the NaCl mor
the MECl exists as such. This is to be expected since the phase diagram shows
compound formation on each side of the eutectic., The compounds formed were
assumed to be ﬁhe expected ones'since there was no means of makdng the_compleﬁe
identification. |

Both samples oontaining the eutectic mixture plus UCl3 also showed compound
formation, ?his was assumed since none of the original salts were reoognized.”
The salf mixtures were also checked for tne oresenoe of UClA.':This wag not fonnd
present as such,, | | '

=210=-



C.3 Summary of Chemical Analysis of UD;B

should be U™, *The chemical analysis

On a wt.% basis 68.8% of the U1,

used for our tests showed the 57.1%.of the UCl, was u*3, This

3 3
" indicates that the remainder of the U was in the tetravalent state.,

of the UCl

C., GCorrosion Tests

A series of 500 hoﬁr,xseensaﬁ capsulé tests cohtainipg the'gh;oride mixture
“of 33.33% MgCl,, 50.01% NaCl, and 16,67% UCL, vere initiated, The tests are
“being run in capsulés of nickel, and'of inconel. .Thewregg;tsAof these tests:
are.noﬁ-yet available,‘but_are'éXpedted by ‘September 15:195§:f““ it

As an adjunct of this test the chloride salt mixture will be‘chéﬁicglly

analyzed as a further check on the exact composition.

~211-
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