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FREFACE

In September, 1955, a group of men experienced in various scientific
end engineering filelds embarked on the twelve months of study which culminated
in this report. For nine of those months, formal clessroom and student
laboratory work occupled their time. At the end of that period, these nine
students were presented with & problem in reactor design. They studied it for
ten weeks, the final period of the school term.

This is & summary report of their effort. It must be realized that
in so short & time, a study of this scope can not be guaranteed complete or
free of error. This "thesis" is not offered as & polished engineering report,
but rather as a record of the work done by the group under the leasdership of

"the group leader. It is 1ssued for use by those persons competent to assess

the uncertainties inherent in the results obtained in terms of the preciseness
of the technicel date and analytical methods employed in the study. In the
opinion of the students and faculty of ORSORT, the problem has served the
pedagogicel purpose for which it was intended.

The faculty Jjoins the suthors in an expression of appreciation for
the generous assistance which various members of the Oak Ridge National
Laeboratory gave. In particular, the guidance of the group consultants,

A. M. Weinberg, R. A, Charpie, 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 reactor producing 700 M4
of heat has been designed utilizing plutonium as the fuel in a mixture of
the chlorides‘of sodium, magnesium, uranium and plutonium. Depleted uranium
is used as the fertile material in a blanket of uranium oxide in sodium.

Nuclear celculations have been performed with the aid of the UNIVAC for
multi-group, multi-région problems to obtain an optimum nuclear design of
the system with the chosen fused salt.

Steam temperature and pressure conditions at the turbine throttle have
been maintained such that the incorporation of & conventional turbine-generator
set into the system design is fossible. _

An economic analysis of the system, including estimaféd chemical pro-r
cessing costs has been prepared. The analysis indiecates that the fused salt
system of this étudy has an excellent potential for meeting the challenge of
economic nuclear power.

It was not learned until the completion of the study of the severe (n,p)
cross section of the chlorine-35 isotope in the range of energies of in-
terest. This effect was smplified by the large number of chlorine atoms pre-
sent per atom of plutonium., The reﬁnlt was considered serious encugh to
legislate against the reactor.

It was determined, however, that the chlorine-37 isotope had a high
enough threshold for the (m,p) reaction so that it could be tolerated in
this reactor. The requirement for the chlorine-37 isotope necessitates an
isotope separation which is estimated to add 0.5 mils per kwhr. to the cost
of power. The power cost.would then be 7.0 mils per kwhr. instead of the

6.5 mils per kwhr. reported.




CHAPTER I INTRODUCTION

1.1 FPROBLEM

1.1.1 Purpose

The purpose of this study was to assess the technical and economic
feasibility of a fast breeder-powe: reactor, employlng a fused salt fuel,
based on a reasonable estimate of the progress of the fused éalt technology,
Fuel bearing fused salts are presently receiving consideration for high
temperature applications and in eddition have been proposed as a possible

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

1.1.2 Scope

A major considergtion was an initial decision to devote the group
effort to a conceptual design of 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 components. This philosoﬁhy necessitated
overlooking many small problems that would arise in the detalled design of
the reactor andbpower plant but provided a perspective for evaluating the
technical and economic feasibility of the entire reactor éystem instead of
only portions of it.

At the outsel of the study it was determined that a breeding ratio
significantly less than one would be oﬁtained from an internally éooled machine.
It was therefore decided to further restrict the study to an externally cooled,
circulating fuel reactor in whicﬂ a breeding ratio of at least one was ob-

tainable.

=16~
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1,2 EVALUATION OF FUSED SALTS
1.2.1 Advantasges of Fused Salts

The fused salts enjoy practically all the advantages of the liquid

| & fueled, homogeneous type reasctor. Amongrthe more prominent of these are:

1. The large negative temperature coefficient which aids in
reactivity control; |
2. The elimination of expensive and difficult to perform fuel

»

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
j* mechanical difficulties experienced with solid fuel elements.
In addition, the fused salts display a éuperiority over the aqueous
s homogeneous reasctor in these respects:
1. Lower operating pressure due to the ﬁuéh lower vapor preésure
of the fused salts; _
- 2. Higher thermodynamié efficiency due to the operation at
higher temperature.

L

1.2,2 Disadvantages of Fused Salts

There ere several disadvantages which are attendant upon the use
of fused salts for the application reported upon bere. Of these, the mostb
- prejudicial to the success of the reactor are:

1. The corrosion problem which is so sevefé that progress in
this application awaits dévelopment of sulteble resistant

materials;




2. The lerge fuel inventory required because of the externsl
fuel hold-up; v |

3. The poor heat transfer i:roperties e:éhfb:lted’ by the fused
salts;

4, The low specific powers obtainsble in the fused salt fast

reactor system compared to the aqueous homogeneous reactors.

1.3 RESULTS OF STUDY

The final design is a two region rea_ctor with a fused salt core and a
uranium oxide powder in sodium blanket. The fuel component is plutonium
with & totel system mass of 1810 kg. The reactor has a total breeding ratio
of 1.09 exclusive of chemical processing losses.

The reactor produces 700 MW of heat and has & net electricé.l output of
260 M. The net thermal efficiency of the system is 37«1 per cent. The steam
conditions at the turbine throttle are 1000°F end 2400 psi.

The cost of electrical power from this system was calculated to be 6.5
mils per kwhr. This cost included & chemical processing cost of 0.9 mils
per kvhr. based on & core processing cycle of five years and & blanket pro-

cessing cycle of one year.

_18-; .
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1., DESCRIPTION OF SYSTEM

The fused salt fast reactor which evolved from this study is an externally
cooled, plutonium fueled, power<treeder reactor producing 700 megawatts of
heat with & net electrical output of 260 megawatts.

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 0.9Pu('0)613. The uranium in the core fuel is depleted and is present for
the purposes of internal breeding. The atom ratio of 023 8/T’u23 o 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 for pipe connections. The core vessel
is fabricated of & 4 inch thick corrosion resistant nickel-molybdemm alloy.

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.
Sodiwn enters this core heat exchanger at 900°F at & flow rate of 45.5 x 10%
1bs/hr. and leaves at 1050°F.

1.4.2 Blanket

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

«19-
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" Blanket cooling is obtained by passing sodimm through tubes located

throughout the'bianket. Sodium is introduced into the blanket at 1050°F at

a flow rate of 7.6 x 10° 1bs/hur and leaves at 1200°F. The blanket sodimm,
vhich is considerably radioactive, then enters & horizontal sodiur to sodiim
heat exchanger and heats the inlet sodium from 900°F to 1050°F. The sodimm
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 boller at 550°F and 2500 psi at a flow -
rate of 2.62 x 10 1bs/hr and produces steem st 1000°F and 2400 psi which

passes to a conventional turbine generator electrical plant.
1.4.3 Control

The routine opération of the reactor will be controlled 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 leed reflector. Approximately one quarter of

~ one per cent reactivity will be available for shim by the inereased height

of the lead. When fuel burn-up requires more reactivity than is available

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

and the reflector height will be readjusted.

In the event of an excursion, provisions will be nade to dump the entire

core contents in less than J seconds and in additibn, to dump the lead re-

flector. Dumping the reflector would provide a change in reactivity of about

1.6 per cent,

=20~
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1.4., Chemical Processing

Chemical processing of the core and blanket, other than removal

and absorption of fission gases, will take place at a large central processing
facility capable of handling the throughput of about 15 power reactors. The
chemical process for both the eore and blanket will embody the main features
of the purex type solvent extraction process, with different head‘end treat- -
ments required to make each materiel adaptable to the subsequent processing
steps. |

Core processing will take place on a five year cjcle whereas the blanket
will be processed bieannually. The plutonium product from the chemical process

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




CHAPTER II
PRELIMINARY REACTOR DESIGN CONSIDERATIONS

2,1 SELECTION OF CORE FUEL

One of the objectives of this project was the toxlough 1nvestigatiqn of
a fused sal‘t". fuel system, Prelimiharj discussions reéultéd in fhe decision
that a core and blanket breeding system would be investigated. |

A fused chloride fuel appeared the most promising of the fused salt
systens., '1_'he core fuel system studied was a fused Na C1, Mg Cl,, I'I013» and
, PDCIB saelt, The Aresuits' of p;‘éliminary nuclear caiculaﬁqﬁs gave fhe fused
salt compbsit:lon as 9 mols NaCl, 6 mols MgCl,, 2 mols UCl; and 1 mol of PuCi3,

The uranium is 0238.

2.1.1 Criteria for Selection

The principal properties that the core fuel system should possess

1, Low parassitic neutron sbsorption eross section.
2. Low moderating power and inelastic scattering.
3. Liquid below 500°C.
Lo Redioactively stable.
5 Thermally stable.
6. Non-corrosive to the materials of construction.
7. Low viscosity.
8. Appreciable uranium and plutonium content at temperatures of

the order of 650°C.
9. High thermal conductivity.

| -22-
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For fast reactors, the choice of salis containing fissionable and non-
fiséionable eleménts'is limited to those in which the non-fissionable elements
have & low slowing down power and low cross sections for absorption and inelastic

scattering of fast meutrons. In general, elements of atomic weight less than

twenty are umsatisfactory because of their moderating effect. This eliminates
many of the common diluvents which contain hydrogen, carbon, nitrogen and oxygen.
Salts which ere suiteble nuclearwise are further restricted to those which
are thermodynamipally and chemically stable. The salts must be stable at the
operating temperature/of the reactor, 675 C. Also the liquidus temperature
of the fused salt mgzture should be below 500°C. This is desirable so that more
ructursl mater1a¥: ney be used. The higher the tenperature

SN

operating témperayhre tende to ret;fd‘currosion. The further very important 7"

/

e system to go criticel.

requirement is ;%;t the diluents must dissolve the necessary quantities'of.

uranium and plu ohium to enable

Based u the aforementioned reéuirements the halide faﬁily appeared ,
the most pr ising. Of the halides, chiorides and fluorides were the initial
choices, gpa bromides and 1o 1des weye eliminated because of their high ‘
absorptiyn cross sections. /! omine/has an avaraga(?" at 1 mev of 30 mb and
fodine has e G, of 105 mb at this fhergy. Chlorine and fluorine have eaptnred
cross seétions of 0. 74 6 and 0,2 mb respectively.

Originally, it appeared'thatvthere ware“available 3 possible fuel systems;
one using chlorides, one utilizing flu¢r£ﬁes and a third using a mixture of -
fluorides and chlori&es. Chlorides presented the obvious disadvantage of a
higher caspture cross segtion. The flourides.were detrimental because of their
moderating effect. After a more thorough investigation, the fluorides were

-23-
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ruled out because of their prohibitively high inelastic scattering cross
section in the energy range of interest., Preliminary nuclear calculations
using fluorides showed the neutron energy spectrum decidedly lowered.

Ultimately the mixed halides system of chloride end fluoride was eliminated
because of the high melting points of fhe fluorides. This step was té.ken only
after it had been verified that a chloride fused salt system was feasible with
respect to the nuclear requirements of our reactor.

Once it was determined that the fﬁsed chlorides would be used, great
effort was expended in the selection of the pa.rticﬁlar salts to use. One of
the most imm:tant physical properties required wes & low melting point
for the salt mixture. It was felt that a ternary system would be most suitable.
A binary would have too high a melting point while a quaternary presented
many unknowns such as formation of compounds; and in general is too difficult
to handle.

The core fuel system will utilize plutonium which is to be prodﬁced in
the blanket. Since there exists very meager information on plutonium fused
salts, it was decided that as a fair approximationl, many of the properties
of uranium salts would be used. This appears to be a valid assmpﬁon for
.physicals properties since plutonium and uranium salts form a solid soluﬁion.

As a preliminary step, possible diluent chlorides were reviewed. Keeping
the basic requirements in mind and reviewing whatever binary phasé kdiagra.ms
were available, the following salts showed promise ZrGl,ir PrCl,, Mgclz, NaCl,
KC1, and CaCl,. Zrclhwas rejected since it 1s expensive a.hd might produce
the snow problem experienced in otherfused salt systems. l"bGZl_2 was rejected
s'ince‘:lt is very reactive with all known structural materials, From the foﬁr
remaining possibilities, the Mg012 and NaCl salts were selécted as diluents.,’

=R4=
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In addition to possessing many of the requirements,'they had the lowest liquidus
temperature., As for the fissionable salt, the trichloride or tetrachloride

were the possibilities, PuGl3 and.UCIB were selected because of the thermal
instability of the tetrachlorides. Hence the core fused salt system selected

is made up of NaCl, MgClz, UCl3 and PuClB. As was pointed out earlier, the
physical properties of our system were investigated using NaCl, M’gGl2 and UClB.

The PuCl3 is assumed to be in solid solution with the U013.

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..z.l, 2.2, 2.3)

... were made.

On the basic assumption that the ternary chloride system‘was a sihple
one and containing none of the anomalous behavior of the known fluoride 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 melting point determinations was undertaken. The data
recorded are sumarized below. (The test procedure is descfibed in the

Appendix C).

Semple | Melting Point
MgOl, NaCl UG, - Liouidus Solidus
#1 38.6%-57.91% - 3.49% | 435°% 420°%
#2 36.36%-54.548-9.10% | - 432% 415%
#3 33.33%-50.014-16.66% 505%-440°C 405°C

Sample #3 corresponds_to the composition of the fuel selected.
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In conjunction with thevmelting point tests, & petrographic analysis was
conducted of the fuel mixture. On the Sasis of this anélysis, neither RaCl,
MgClz, nor UCl3 were detectable in the solidfied fuel. There were two dis-
tinguishable phases present, one a colorless crystal and the other a brown
erystal, which was not as prevalent as the colorless ons. The compositions
of the phases could not be determined. It was observed that the mixture was
very hygroscopic and was easlly oxidized in air.

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.

-30-
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2,2 SELECTION OF BLANKET MATERIAL

A uranium dioxide-liquid sodium paste was selected as one of the pro-
mising blenket materials, Althongh only & 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 satisfactory blanket material
are:

1. Low cost.

2. High concentration of the fertile material.

3. Cheaply fabricated.

4o Low chemical processing costs.

5. Good thermal conductivity.

6. Low neutron losses in non-fertile elements.

7. Low melting point.

Natural or depleted urgnium were obvious choices for the fertile materisl.
Either material is acceptabie, the governing factor being the cost. At the
present time, the cosf of depleted_uranium is considerably lesé than natural
uraniwm and vas chosen s the fertile material in the blankst. |

Several blanket systems were investigated. The more prominent possi-
bilities were U0, pellets in molten sodium, U0, powder in molten sodiuwm, canned
solid‘uranium,1fused uraniﬁm salts and sz slurries. | |

Ureniwm dioxide pellets in molten sodium appeared very promising. U02 is
unreactive with and very slightly soluble in liquid sodium. Cooling could be
accomplished by liquid sod;um flowing in tubes. It was estimated that approx-
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imately 65% of U0, by volume could be cbtained. This blanket system was re-

| Jected because of the high cost of manufacturing the pellets. It was estimated

that over 50 millions of pellets would be required to f£iil the proposed blanket
volume of 100 cubic feet. \

A solid uranium canned in stainless steel was investigated. The major
edventages of this system is the high uranium concentration. This material was
rejected due t0 the high costs of fabrication. Typical costs are sbout $9 per
kilogram for machining ura.niumh and $7 per kilogram of uranium :for the addition
of the cladding material.

. Fused uranium selts would have been the logical choice since fused sslte
were being used in the core. This would halve many of the problems confrorting
the design‘ of the system such as corrosion, chemical processing, etc. The
only fused 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
poiut, while UClh proved to be too corrosive. Even the UCl3 - UClh' mixture was

(2)

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

A 002 slurry was rejected due to the lack of knowledge of the properties
of the slurry andi the low uranium concentration due to engineering cdnsidera-
tions.

The an-Na. paste was ultimately selected as the best avaﬂ;ble blanket material.
Thie system has many of the features of the 002 pellet system with the omission
of the éost of manufecturing pellets. Although only a limited smount of work
has been done on pastes, the outlook is very promising. A an = Na paste ;)ffers
low febricatlion cost, ease of handling, high concentration of an a.nd good hesgt
transfer propei'ties. From & personal cdmnunication with B.M. Abfaham of Argonne

National Leboratory, it was estimated that as mich as 80% U0, by volume in
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1liquid sodium is possible using & centrifugation process. We plan to use &
paste composed of 70% volume in the blanket system. The purpose of the liquid
gsodium in the blanket is to improve the heat transfer properties. It is be-
lieved that Pu and U metal will be stable with liquid sodium end no reaction
occurs between Na and UO,. A major problem was the possibility of Nazo
formation and its adverse corrosive effects. This was solved by the addition

of corrosion inhibiters. A discussion of this can be found in ssction 2.4.2.




\

2.3 REACTOR COOLANT SYSTEM

The externally cooled system eppears superior to the internally cooled
system for a fused salt fast breeder reactor. In the externally cooled system,
the fuel mixtui‘e is circuleted through a heat exchanger external to the reactor
vessel. The internally cooled system has heat transfer surfaces within the
reactor vessel; and heat is transferred from the fuel mixture to a fluid
coolant which In turn is cooled in an external heat exchanger.

2.3.1 Internal Cooling

A possible adventage of the internally cooled system is the lower inven-
tory of core fuel. However, due to the characteristically low heat transfer
propexrty of fused salts, it was calculated that almost 50% of the core volume
woild be occupied by tubing and coolent in order to facilitate the required
cooling. The high percentage of tubing and coolant affects this reactor system
in two ways; First the‘ parasitic capture is greatly increased and secondly,
the neutron energy spectrum is decidedly lowered. The above effects result in a

reduced breeding ratio in the core.

2.3.2 Externsl Cooling

The externally cooled system was selected for use in the reactor system
investigated. The deciding factor in the choice was that a breeding ratio
of 1.20 was estimated in the externally cooled system compared to only
0.8 for the internally cooled system. This higher breeding ratio is obtainsble
because of sbout 15% greater blanket coverage, less parasitie capture and
higher neutron energy spectrum. Another factor in favor of external coo!l_.:lng

is the ease of replacement of equipment in case of & heat exchanger fallure.
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2.4 MATERIALS OF CONSTRUCTION

The choice of materials of construction in most reactor systéms is
quite difficult because of the lack of corrosion data in the presence of
radiatidn 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-ﬁolybdenum alloy, which is presently
in the development stage. For the other parts of the core system such as the
primary heat exchanger and piping, a nickel-molybdenum alloy cladding on
stainless steel appears to be satisfactory. The blanket system will utilize
stainless steel throughout. As far as the reactor components go, 1t can be
generally said that all the components in contact with the fused salt shall
be nickel-molybdenum clad or constructed of nickel-moly and all components in
contact with sodium are to be constructed of stainless steel.

Tests are now in progress at the ORNL Corrosion Laboratory to obtain
some data on the corrosion of the fused salt of this system on nickel and

inconel at 1350°F.

2.4.,1 Core System
Since the operating temperature of the fused sslt shall be as high

as 1350°F, the choice of construction materials was severely limited. A further
limitetion was imposed by the absence of corrosion data of fused chlorides
on structural metals. The possibilities which existed were inconel, nickel-
moly clad on stainless, hastelloy metals, or nickel-molybdenum alloys of the
hastelloy type which currently are under development.

In selecting the best material, much dependence was placed on the individual

chemical and physical préperties_of thgse possibilities with respect to the
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fused chloride fuel.

The hastelloy metals were rejected due to the inability to fabricate the
material because of brittleness. Inconel was eliminated for the most part
because of its known diffusion of chromium from the alloy in fluoride salts.

In addition the corrosion data of inconel in the temperature ranmge of interest
is lacking, It is felt that these disadvantages overbalance the high tech-
nological development and good physical properties of inconel.

The use of nickel-molybdenum alloy ecladding on stainless steel sppemxt very

favorable in the fused chloride system.
| It is expected that this alloy will not exhibit dissimilar metal mass

transfer and will be capable of being welded to stainless steels by use of
special equipment., On the basis that this alloy will have the properties as

described, it is being recommended for the core system.

204.2 Blarnket sttem

The construction material for all equipment in contact with the
sodium such &s is present in the blanket will be stainless steel. Since the
blanket is to‘be composed of a UOZ-Na paste, it was feared that the sodium
would become contaminated due to the fomatipn of Na20 in the presence of
free oxygen. At elevated temperatures, Na20 is very corrosive; it reacts with
all the common metals, platimm metels, graphite and ceramics. The relative
degree of reactivity with the structural materiels would be the following,
from the most attacked to the least: Mo, W, Fe, Co and Ni. In addition it
is believed that NaZO would be strongly ebsorbed on mostvmetal surfaces..

It is possible that since Nay0 is ‘known to act as a reducing agent for
some metals and an oxidizing agent for others, the presence of some material

wlll reduce Nay0 to Na before it attacks the metal, Such a corrosion inhibitor
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would solve this dilemma. The two common resctor materials, urenium and
beryllium could possibly serve as fﬁe inhibitor, Thermodynamically, each reacts
readily with Nazo to form the metallic oxide and free sodium. At 500°C the
free energy of formation for beryllium and uranium are -46 Kcal per mole and
=75 Keal per mole respectively.

The rate of these reactions has not been invéstigated;exdépt indirectly
in & series of corrosion tests at KAPL5’6. These tests show that both Be
end U are corroded many times faster than any of the structural metals tested.
The metals included nickel, molybdenum, inconel, momel, 347 stainless steel
and 2-8 aluminum. Thus the addition of either pure uranium or beryllium to
the UOZ-Ha paste should offer & high degree of resisﬁance to the possible corro- |

sion by the nazo which will be formed during irradiation.

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 steesl., All reactor components
in contact with sodium will be constructed of stainless steel. '
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CHAPTER 3 ENGINEERING
3.1 GENERAL

The reactor proper, as shown in Fig. 3.1, is a 120-inch 0.D., sphere

consisting of a blanket region and & core, The core is a 733-inch 0.D. sphere

with a 4 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 eare
reinforced. 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 inch reflector of molten
lead in a -}-1nch stainless steel container. The filling or draining of the
molten lead is accompiished by pi;esgtn'ized helium. |

The first blanket region is 2 3// inches thick and is followed by 5 1/8
inches of moderator, another 5 5/16 inches of blanket apd finally 8
inches of graphite reflector. The blanket is a uranium d‘ioxide'-sodimn'paste
and the moderator is graphite cled with 1/8 inch of stainless steel.

The reflector, blanket and moderator are cooled by molten sodium passing
thru 4-inch 0,D. tubing.

The core heat output is 600 megawatts, and it is removed by circulating
the fuel thru a single pump and external heat exchanger with a minimum 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 molten sodium which enters the blanket at 1050°F and leaves
=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 sne pump, one heat exchanger, welded
Piping and a pivoted expansion joint.

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

The basement floor of the reactor building, és shown in Fig, 3.3, will
have & series of d\ﬁnp ‘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 andi contaiﬁed in a steel lined concrete structure.

The reastor building main floor will have television facilitiesr and a
remotely operated crane and will be enclosed in a 60 ft. diemeter, one inch
thick steel shell, The steel shell is a éafety 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 sodiwm 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-gemerator portlon of the plant.

The layout of the turbo-generator and auxiliaries faollows the conventional
power plant design with two exceptions: an outdoor turbine floor with & gantry
crane and placement of the deassrator on the turbine floor because of the

éliminati’on of the boiler superstructure.
«,0-
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The centralized control room is placed between the turbo-generator and
reactor bulldings and ebove the boiler room. The stack, which is used for

the dispersal of reactor off gases after a sufficient hold-up time to reduce

the radioactivity, is placed near the reactor building.

3.1.1. Properties of Fused Sslt, Sodiwm Coolant, end Blanket Paste

The éngineering properties of the fused salt, sodium coolant and
the UOs-Na paste blanket have been estimated by the following methods. The
specific heat of the fused chloride salt as & function of uranium concentration
(Fig. 3.4) was estimated using the method deseribed by W. D. Powersl. Correlations
wvere not availeble for the properties of thermal conductivity or visocity of

the fused salts.
-~ The variation of the density, specific heat, thermal conductivity, and

viscosity of sodiuxn2 are giveh in Figures 3.5, 3.6, 3.7 and 3.8 respectively,
The density of U0, was taken as 10.2 gm/cc end it was assumed that this re-
mained constant. The specific heatl* of U0, was taken as:

= 19.77 +1.092 x 10T - 4.68 x 1075 172 (Gal/mol c)
(F:lgure '3.9) ' :

The thermal conductivity5 of UG, is given in Figure 3. 10.
The properties of the paste were then dalculated, using a mixture of '70%

U0, 30% sodium by volume.

@ = Vi Cra* Yooz (oo, (Figure 3.11)
Cp = Wy,Opg, +Wyo 0Py, (Pigure 3.12)
E = Yo, k00," Vi Hra (Figure 3.13)

vhere: V - Volume fraction

W = Weight fraction :
=t 3=~
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3.2 REACTOR POWER

The reserve capacity of an electric power system averages about 10 per
cent of the system load., To mgke such a system reliable, no single unit should
exceed 10 per cent of the system capacity. Since mostvof the systems in this
country are less than 3000 M{ capacity, turbo-generator units in excess of
280 M4 have not been built yet.

A reactor supplying steam for a single turbo-generating unit with a
system thermal efficiency of 40 per cent would be sized at 700 MW of heat, or
also 260 M{ net electric output because of auxiliary power requirements of 20 M.
A system larger than 700 MW of heat would require more than one eirculating
fuel heat exchanger. Two fuel heat exchange?s would require manifoiding and
other flexibility provisions which would result in a gfeat increase in fuel
hold-up. Furthermore, too high & power level would involve such a large 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 end Fig. 3.15, the Heat Balance Diagram
and the Salt, Sodium, Steam, and Condensate Flow Diagram, respectively.

The optimum design was approached by careful selection of design points,

Single wall tubing was assumed throughout which is in agreement with the
present trend of design. Smell leekage of water or steam into the sodium in

the boiler is not expected to cause serious difficulty(lg);

‘Deteetion may
be accomplished by providing a gas collecting chamber and off-tske in the
sodium return line, Build-up of NaCH in the sodium system should not be
difficult to follow and replacement or purification of the sodium can be under-
taken as it may appear necessary.

The influx of large emounts of water or steam resulting from a major
fallure would dangerously increase the pressure in the shell; and aithongh
this possibility 1s remote, safety valves will be provided.

Excessive fluid velocities result in erosion, corrosion, vibration and
increased preesure drop. Based on past experiences in the field,the maximm
velocity was taken as J900/Sf‘ft./éec., wherej; is the specific gravity of
the fluid, _ '

Fluid-fuelrfeactors, especielly those with external cooling, are part-
icularly liable o0 be ehut down for repair or replacement of equipm@nt(lg).

It is highly deeirable, therefore, that all components be as simple end as de-
pendable ae_poseible‘but also‘able to be'epeediiy replaced or:remetely-main-
tained. It 1s considere& undesireble to install valves in the large lines be-
tween the core and blanket heat exchangers and the pumps to permit shut-of

of possible spare equipment or to regulate flow. These valves would be large,
would operate at high temperatures and would handle corrosive fluids. It is
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‘more probable that these valves would fail before trouble is experienced at

thé héat exchangers or pumps.

Since no maintenance can be attempted with radiosctive fluids in the re-
actor and since it is not expected that any reactor part will last five years
without requiring replacement or repair, provisions will be made to inspect
all comporents thoroughly at least every two years, i.e., when replacing the

core heat exchanger.

3.3.1 Circulating Fuel Heat Exchanger

To reduce external hold-np, small tube sizes are desirable in the
heat exchanger. The 4-inch 0,D. tube size was selected as a practical
minimm, ForAsizes less than 4 inch, conwiderable 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, akmedium was required with good
heat transfer properties in order to reduce the external hold-up and with high
boiling point to permit operation at high temperature and low pressure to re-
duce capitalrcésfs.

Sodiunm, lithiuﬁ, NaK, bismuth, lead and mercury were considered és heat

transfer media, Sodium was selected because of its good heat transfer pro-

perties, high boiling point, 1ow.coét, availabilitj, comparetive ease of handling

and wide techmological experience, The disadvantages of sodium are its violent
reaction with water and the catastrophic corrosion rate of Na,O0.
The following considerations were used to set the temperature 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 liquidus temperature
of the fuel, i.e. 870°F. The temperatufes of the fuel and coolant leaving the
core and heat exchanger were set by economic, corrosion and engineering con-
siderations. Low fuel 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 thermal
stresses., Low sodium outlet temperature ﬁould result in excessive thermal
stresses and lower thermal eycle effidiency. 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 sodiwm was
set at 300°F, which is in egreement with genefal design practices.

The heat excﬁanger is a single pass counterflow exchanger approximately
50 inches in diameter and 20 feet long with 3500 tubes. All tubes will be
made from a corrosion resistant nickel-molybdemum 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'

The pipe size selected was 2/-inch 0.D. with a one-inch wall thickness.
To reduce cost, the pipe material will be stainless steel clad on the inside
with a corrosion resistant Ni-Mo alioy. Cladding thickness will be 4 inch to

provide e corrosion sllowance for five years life. To allow differentisl thermal

expansion, a pivoted expension joint is provided.
==




‘A single pump arrangement was selepted,vbecause two circulating fuel
pumps‘wbuld require two check valves, four shut-off valves and added profisions
for flexibility. This would increase the extgrnal hold-up and because of valve
stem leakage probabilities, would lower the system reliability. However, if
largg, reliab le valves become available, it might be advaﬁtageous to have the -
added flexibility afforded by ﬁultiple cooling systems. This is a matter for
further development.

A canned-rotor pump was selected instead of a shaft-seal pump due to the
greatly reduced possibility of leakage. The fuel pump will run at constant
speed becaﬁée of its eanned-rotor construction. A variable speed pump would

be preferable but this also requires further development.

- 3.3.3 Blanket Heat kxchanger

The blanket heat exchanger is a sodium to sodium exchanger constructed
of stainless steel and whose mean temperature difference is 150°F. It has
1570 tubes of 4-inch 0.D, which are 74 feet long with 50-mil walls.

It was deemed necessary to have an intermediate loop on the blanket system
due to the activation of the sodium coolant. Thus, in case of a sodium-water
reaction; only radioactivelj cool sodium would be ejected. The choice of
sodium as a secondary blanket coolant was deemed advisable since the core second-
ary coolant and the blanket secondéry coolant could be mixed, thus necessitating
only one boiler and a slight amount of manifolding. For this same reason, the
secondary sodium is designed to have a 150°F temperature rise through the heat
exchanger (900°F to 10509F), thus matching the cdre 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 Mi of heet genmerated inm 1it.
The second region is 13.5 cm. thick with 40 MV generated in it. The heat flows
by conduction through the paste to the wetted tubes where it is then cerried
away by convection in liquid sodium.

In blanket region 1, there are 940- 4 inch stainless steel tubes whose
centers lie on circles of radil 38.4, 39.1 and 39.9 inches. Each row contains
equal numbers of tubes which have an effective length of 8 ft. Under 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~ 4 inch stainless steel tubes whose
centers lie on circles of radii 51.8, 53.5 and 55.3 inches. Each row contains
equal numbers of tubes which have an effective length of lb ft. The maximum
paste temperature in region 2, under these conditions, will be 1468°F,

In region 1, the cooling tubes 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 Porameter Study of Blanket Heat Transfer System

For efficient cooliﬁg of the blanket, we expect to match the
cooling tube density to the radial distribution of heat generation.

It will be assumed that the basic cooling tube lattice arrangement Ean
be simulated by concentric cylinders. The generation rate in a cell will be‘
taken as constant and the Na-UO, paste will be céhsidered stagnant. The pro-
perties of Na and Na-UO, paste are graphically presented in Section 3.1.1;

~ Taking a heat balance at any radius r where rl_(r'<r2
GV(r) =kp Alr) _O T
aor
T wHle




where . To = inside radius of tube
2 5 r] = outside radius of tube
V(r) :’ﬁ(rz -7 ) L . Ty = radius of cell
Alr) = 21r L
thus, _OT = G zgi -
ar 2 kP r /
2 N
(T-Tl) = G r, In r - 2 - rl \
_ ' \
-In the steady state,
Q=0V) =k & (Ty - T)
2 2
ka T2 -7
r r22 In r, - r22 - r12
' kP ry 2
(24)

basing over-all eoefficient on inside tube area

1 =4 + Ao é; ¥ 1

Uk k, A,
k, = 17 _BIU
hr—£t-OF

In the Fig. 3.16, the value of U is given as a function of r, where rj

is treated as a parameter. In a1l cases, standard tube wall sizes were used.

For 1/2" O.D. tubes with 50 mil wall

Rey, = 348,000 Pry, = 0.00424

Na -

h, = 17,350 BTU
: hr. £t2 °F

A S _ _1(.05) = .000303
k\JA'H 12 x12x 045

For " 0D tubes with 65 mil wall
ReNa = 529,000 Prna = .0%24

h = 14,700 _ BTU
hr. £t °F
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A & - .310(.065) = .00041
kA 2 x 12 x 342

For 1" 0D tubes with 85 mil wall
Rey, = 720,000 Pry, = »00424
h,. = 12,000 BTU
Na d b4 T ——
hr. £t2 OF

b 5 ,415(,085) = .000535
kwAw 12 x 12 x 458

3.3.5 Blanket Piping and Pump

The total pressure drop in the blanket is 145 fto of head. This
includes the losses throﬁgh the blanket tubes, four plemum 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 Gmm
of sodium against a 145 ft. head. With a pump efficiency of 70 per cent, the
motor required for the pump is a nominal 1000 hp.

The blanket is filled by pumping the qu.na paste into the blanket vessel,
under a helium pressure of 100 psi., prior to the reactor stert-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 forced out, using 100 psi.
helium. Pure sodium will then be used to dilute and wash out the remainder
of the paste. When enough sodium is added, the paste will assume the properties

of a slurry and will flow quite easily.
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3.3.6 Sodium Piping and Pumps

The pipe sizes selected are 18-inch 0.D., for the blanket hest ex-
changer and 42-inch O.D, for the main lines to the boiler. The piping material ‘
will be stainless steel. Sodium valves located in the lines will be plug-type
with freeze seals,

Canned-rotor pumps were selected in preference to the electro-magnetic
punps because of their higher efficiency. The total flow is 114,000 Gmm. which
requires at least four pumps with 28,500 Gmm. and 65 ft. head.

Provisions are made to drain and store all sodium in the event of a shut-
down. A one-foot thick concrete shield surrounds the sodium system including
the boller. The sodium pumps will be shielded so that they can be drained and

replaced individually without denger to personnel.
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3., SALT DIMP SYSTEM

A salt dump system is provided comsisting of two valved drain lines, one

for the core and one for the heat exchanger snd piping., The lines are 12 inches

and 8 inches, respectively, and are sufficient to drain the entire system in

four seconds.

The dump tanks will have a ccmbined capacity of 10 per cent in excess of
the total eirculating fuel volume., The tanks will be coempartmentalized to
keep the fuel suberitical; and cooling provisions will be provided to remove
decay heat, Elecfric heating elements will be included to prevent the fﬁel
from solidifying.

The fuel will be removed from the dump tanks by a 5 Gmm., 130 ft. head
pump either back to the core or to a container to be shipped for processing.

The tanks, piping and pump will be constructed similarly to the main eir-
culating fuel system, i.e., nickel-molybdemum alloy clad stainless steel to

provide an allowasble corrosion resistance for 10 years of useful 1ife,
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3.5 CORE VESSEL AND REFLECTOR HEATING

In this system, as in most reactor systems, the internal generation of
heat in the core vessel due to gamma and neutron interactions with the‘metal
was found to be appreciable. The energy sources considered for this calculation
were prompt fissionrgémmas, decay product gammas, and neutrons of energies
greater than 0,12 Mev, .The inelastic scattering gammas in the fuel and the core
vessel were estimated as negligible with respect to the magnitude of the con-
sidered sources. These sources gave a gamma spectrum as shown in Fig. 3.17.

Using this integral spectrum and assuming it to be unchanged in space
we applied the Integral Beam Approximation method(IS) (Appendix A-7). The heat
generation rate in the core vessel and reflector was calculated as a function
of position. The gamma absorption coefficients of the fused salt (Fig. 3.18)
and of the nickel-molybdemum alloy (Fig. 3.19) were computed for use in this
calculation. The gamma heat generation rate as a function of position is
shown in Fig. 3.20.

The heat generation due to neutron capture, elastic scattering, and in-
elastic scattering were calculated using the integral fluxes from the Univac
calculations with the general equationé |

¢ = 2 (E) }; EB)E S | (Ca._:l.‘cz'l.zled;ionsi in Appendix A-7)

where Z(ﬁ) = Macroscopic cross-section for the specific interaction

: '(}(ﬁ) = The average flux = J'.ME,:») ar

f&’r
E o Average neutron energy

5 = The average energy transferred/ interaction.

The sources ylelded a totel averaged heat generation rate of 9.65 x 1013

Mev/cmB-sec in the core vessel and 1,77 x 1013 Mev/cm3-sec in the lead re-
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flector. It was found that approximately one third of the total heat generation
in the core vessel was due to gamma ;nteractions. Using these averaged heat
generation rates a maximum temperature rise of 109.3 °F was estimated for the
core vessel (Fig. 3.21). Since such a température rise was believed to cause
abnormally high thermal stresses, it was decided to cool the lead reflector.
This gave s maximum temperature rise in the core vessel of 29,2°F (Fig. 3.22).
This was estimated to yield permissible thermsl stresses. A

In all these calculations the core vessel was teken to be 1.3 cm. thick;
and the leed reflector, 2.5 cm. thick.

In order to maintain the 29.2°F temperature rise in the core shell and
to minimize the thermal stresses, it was postulated that both surfaces of the
core vessel be maeintained at the same temperature of 1350°F and that heat be
removed from the reflector to accomplish this., It was also postulated that
both surfaceé of the reflector are at 1350°F. Using these conditions it was
found that 5.2 x 1013 Mbv/me-sec will be removed from the lead reflector.

Q = 5.2 x 1013 Mov/em’sec = 3.80 x 10° BIU/Ar. = 1.11 Mi.

Using a row of blanket cooling tubes we have a sodium flow of €3,500 lbs/
hr. through 17 1/2-inch OD tubes with 50 mil walls. The heat transfer cal-
.culations show that this 1s more than adequate to tfansfer the heat,
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3.6 MODERATCR COOLING

The heat generation in the moderaﬁor due to fast neutron moderation is
3.5 x 1012 nev, which yilelds a heat generation of 6.15 x 1018 mev, or
cc.-seC. sec.
3.36 x 105 BTU__ in the entire volume, With this heat generation rate, a sodium
hr,
flow of 1.13 x 10° lbs, is required to maintain the maximum temperature of the
hr

graphite at 1325°, The sodium flow rate is accomplished in 25 4-inch cooling
tubes with 50 mil wells.

3.7 QNCE-THRU BOTIER

The once-~thru boller is well suited to the high temperature reactor plant,
since load conditions can be controlled by varying the flow of water, If the
reactor follows its load demand well, it can be controlled directly by the
turbine throttle. Thus, operation of the plant is greatly simplified. However,
the once-thru boiler is not yet well developed and in this case is eperating
very near the burn-out point. This is perhaps one of the weakest points in the
design. It definitely requires further stﬁdy and possibly enother intermediate
sodium loop to lower the inlet sodium temperature to the boiler. This type of
boiler requires very pure feed water of 1eés than % ppm. impurity present.

The boiler is in the form of a shell and tube, cqunter current, one-pass
heat exchanger with the 2400 psi steam on the tube side. There are'2400'tubes
vhich ere $-inch 0.D., 45 ft. long, with a 50 mil wall, The entire boiler will
be made of stainless steel which is resistant to attack by both hot sodium and |
super heated steam. The tubes ére in a triangular lattice with a 1,11 inch
pitch which leaves sufficient room for welding the tubes into the tube sheet.

The inside shell diametér is 4.9 ft., and its wall thickness is 6ne inch

which is sufficient to hold the sodium. The overall shell length is 50 ft.
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which includes two 2% ft. plemums. The boiler was made into a U-shape in
order to reduce the size of the boiler room. |

The design was accomplished by breaking the Vb‘oiler ipto three distinct
reglons~-a sub-cooled reglon, & bolling region and a superheated region,. Thié
is only an approximation as it is mainly a philosophical point as to where sub-
cooled boiling ends and net boiling begins. The heat transfer coefficients

were calculated using the Dittus-~Boelter equatibn(u)

s and a method of J. A.
Lane(16)- was used in the boiling region.

In calculating heat transfer coefficients, uwse 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 temperature. The steam temperature to fhe turbine will be maintained |
constant by attemperation and variation of the boiler feed water temperature,

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

table.
Teble 3.1
Boiler Characteristics at Part-Load Operation

Fraction of Full Load + 3/4 1.00
Steam Outlet Temperature 1080 F 1067 F ¢ 1000F 6
Water Flow Rate 1.23.x 10" lbs/hr 1,88 x 10° 2,62 x 10
Sodiwn Inlet Temperature 1085°F 1082°F 1050°F
Sodiwm Outlet Temperature 1010°F 6 970°F 6 900°F .
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 2.1, £, 3.16 4e55
Length Boiling Region 4e6 £t. 7.5% 9.47
Over-All Coefficients ‘ ‘ BT : gy

Superheat Region 566 705 826

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 cooling system
is provided for this, consisting of a separate sodium ciféuit, a sodim-to-air
heat exchanger and a pump. |

3.9 TURBO-GENERATOR

A tandem-compound, triple flow, 3600 rmm. turbo-gemerator with initial
steam conditions of 2400 psig. and 1000 F was selected. Since & straight-thru
boiler is being used, there is no reheat. The latter generally is not too
desirgble for nuclear power plants because of the attendant complicated controls.

The feed water cycle will consist of six heaters with the deserator in
number three place, The final feed water temperature is 550°F. Three condensate
and three boller feed pumps are specified to insufe the relisbility of the unit.

The thermal efficiency of the cycle is estimated to be 40 per cent. Auxil-

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

L.l SUMMARY OF STUDY INTENTIONS

At the onset of the project, two cooling systems for a fused salt reactor
were considered, One was an internally cooled system in which the coolant,
liquid sodium, was passed through the core of the reactor. The other was an
externally cooled reactor in which the fuel was circulated through a heat ex-
changer enternal to the core. It was felt that the large fuel inyentory of
avfast reactor would be increased to & prohibitive amount in the circulating
fuel system. However, early calculations showed, that because of the large
amount of parasitic absorption, the total inventory of the internally cooled
system was about the same as that of the circulating system, Poorer blanket
coverage, more parasitic capture and lower spectrun caused the internally cooled
system to have & breeding ratio estimated to be about 0.8 compared to an esti-
mate of about 1.2 for the circulating system. The lower spectrum would also
increase the fission product pdisoning. For these reasons and since the only
advantage attributed to the internally cooled system, lower inventory, did not
exist, 1t was decided to conduct parameter studies solely for mixed chloride
fuels in an externally cooled system.

Preiiminary analysis (sec. 4.4.1) indicated that power output per mass
of plutonium increased with increased power. A core power of 600 M was choéen
as 1t is the upper limit imposed by existing electric power distribution systems.
Engineering considerations ylelded & minimum external hold-up volume for the
removal of 600 M{. This volume is so large that it remains essentially constant
over a wide variation of core sizes.

With the external hold-up volume constant a study was carried out on system
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mass and breeding ratios as a function of composition of the mixed chleride
fuel, It was realized very early in the study that, at the concentrations of
the plutonium and wraniwm chlerides involved, the breeding ratic was higher
and the criticel mass about the same when U-238 was used as a éiluent instead
of the other chlorides. The salt of composition 3 NaCl, 2 MgCl, and 1 Pu (U)
Cl3, which is the highest concentration of Pu (U) 013 in the mixed chloride
commensurate with melting point requirements was, therefore, used in the pare-
meter study with variation on the ratio of plutonium to uranium., The analysis
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
ratios, and flux energy spectrum, Blanket cross sections were then averaged
over this spectrum to obtain an approximation of reflector savings on eritical
core radius. Okrentz2 has shown the validity of diffusion theory celculations
for fast reactor systems with dimensions greater than 30 em.

| Since the blanket materisl chosen has a low uranium density, an effort
was made to lower the neutron spectrum in the blenket to increase the plutonium
production density and decrease the blanket thicknsss. Position and thickness
of a graphite moderator section, placed in the blanket region, were varied

to study results on breeding ratio and concentration and distribution of plut-
onium production as well as the effects reflected back into the core. The
Argonne National Lab. RE-7 code for the UNIVAC (Sec. 4.2.3) was used for this
study employing 13 enargj'groups and 7 spatial regions.

: Refléctor control is possible for a high core leskage reactor, such as:
in the present design. A brief study was performed on the effect of changing
the lsvel of & molten lead reflector adjacent to_£he core vessel, These cal- -
culations were then performed more asccurately employlng a 10 energy group, 3

spatiel region code on a digital computer.
-G
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4.2 CAILCULATION METHODS BASED ON DIFFUSION THECRY

4.2.1 Bare Core Malti-Group Method

The neutron diffusion equation in a bare reactor for the jth energy
- group 1is

1_2 5P 3tesie Shs|epduy

Au,_‘,

0 Sri ot L P, W) 5 au

I
u '-' '

vhere th = Zr ‘“ Zf Z 7 is the macroscopic cross section for removal
from the jth group by 1nelast1e scattering,-—-aj; is assumed to be the cross
gsection for elastic moderation out of the jth group, Fi} is the fraction of
the fission spectrum born in the jth group, and P(1 — j) is the fraction of
1nelasti§a11y scattered neutrons in the ith group which are degraded to the
jth grouf on an inelastic ceollision.

The calculation of the bare system criticality was therefore reduced to
e tabulation of neutron events with an iteration on the geometric buckling;

B, until a neutron balance was obtained over all emergy groups. The calculation .

begins with the introduction of one 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 this group can be tabulated. Group 1 then pro-
vides the balance of the source for the second group through scattering, hence
the events in the second group can be determined, This procedure was econtinued

for each lower emergy group. At the conclusion of the lowest energy group

tabulation of events, the total capture of each element, the mumber of fissions -
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in plutonium and uranium, and the number of neutrons which leak out of the
bare system were found by summation over all energy groups. A new radius was
chosen and the calculation repééted until the neutron production and loss were
equal.

In the caleculetion just described, at criticality, the source of neutrons
for each energy group multiplied by the average velocity of that group times
the everage time spent in that group is proportional to the flux of that specific
energy group. 7That is,

4740( ~ N; V‘J-sz

Note that,

e . St
Ff ’lFJ*Z/e

where 2;7’ _%%%%..+ ¢2;7 ‘2:7 5; E;

hag 4(,(/

hence, ; 4361 ~ /CZ:

4.2.2 Reflector Savings Estimate

The flﬁx energy spectrum obtained for the bare core was assumed, for
the reflector savings estimate, to be the equilibrium blanket flux energy spec-
trum, Avereging blanket parsmeters over this spectrum and aséuming an infinite
blanket, the reflector savings was found to be insensitive to the baie core
radius and bare core spectrum over the range of interest. For the study of
systen mass, bre;ding fatios'and flux energy spectrum as & function of the plut- |

onium to uranium ratio, the reflector savings on the bare coreﬁradius.was assumed

to be & constant.

4e2.3 UNIVAC Calculations

In order to obtain a better representation of the effect of the blanket
=8l




on the core end to gain information on the desirability of a moderator section
in the blanket region,‘thp Re-7 Argonne National Leboratory code for the UNIVAC
was employed., The iteration in this code was performed on the fuel to diluent
ratio rather than the core radius. The optimum system core radius from the
previous parameter study and seven regiomns (core, core vessel, lead reflector,
first blanket, moderator, second blanket and graphite reflector) were used.
Extra lower energy groups were employed because of the lower emergy spectrum
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 criticel fuel to diluent ratio, the criticality factor, the fiséion source
at each space point, the integral of the fission source over each region, the
flux at each space point in each energy 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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4.3 CROSS SECTIONS

4.3.1 Erergy Groups

For the UNIVAC calculations thirteen energy groups were employed.
These are presented in Table 4.1, section 4.3.4. The last four groups were

combined into ome group in the bare ten group paremeter study.
4.3.2 Sources of Data

A1l total asnd fission cross sections as well as the (n, gamma) of
uranium-238 and the (n, alpha) of chlorine were obtained from BNL-325., The
capture cross section of plutonium was calculated using values of o< employed
in reference 2., The inelastic scattering cross section of uranium and plut-
onium were obtained through & private commutication with L. Dresner of CRNL,
These velues were based on the experimental woi'k of T. W. Bonner of Rice Imnstitute,
M. Walt of LASL and R, C. Allen of LASL. The sources of other imelastic scatter-
ing cross sections are references 25, 26, and 27. The spectrum of inelastically
scattered neutrons was taken, for all elements, to be Maxwellian in form with
the temperature of the distribution given by the equation GSJ-ES: -0, vhere E
is the initial meutron emergy, b was assumed to be 20,7 Mev~l and constant and
¢ was taken as 0,08 Mev for high energy neutrons and extrapolated to zero ét
the threshold. In reference 28, this form is used and gives good sgreement for
inecident neutron energies of 1.5, '3 and 14 Mev.

Measured vaiues of the transport crdss section of carbon, iron, lead and
wanium-238 were obtained from reference 29. Additionsl values for these elements
and all transport cross sections fo;' the other elements were calculated using
the angular distribution of scatterea neutrons obtained from refefenee 30, Cap-
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ture eross sections for elements other than uranium and piutonium vere ea1-1

culated using the method described in Section 4.3.3.

4e3.3

Calculation of Cepture Cross Sections

Because of the lack of experimental determinstion of capture cross

sections at the emergies of interest (.00l to 10 Mev), a theoretical, energy

dependent equation employing persmeters which can be estimated with some

accuracy was normalized to data by HughGSBI of capture cross sections at 1 Mev,

The equation employed 1s that appearing as equation 4.2b in reference 32.

(2.4 + 1)
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+ [(1-105b+ 945b°) cos 1 - (15-420b+945b") bsin 1
b b
lIé |2 - |I l {[—14- 210b - 4725b4+10395b ) cos 1+(21—126O§#10395b4)bsin 1] 2
b b
2 2 4 6 2
+ [(21-126002 +10395b%) beos 1 - (-1+ 210b°~47256%+103956%)s1n ;]
b
Note that p/h =2.2x10 en” (E/ev)% and

pa/t = 3.23 x 10°% Y2 @/ev)t, 128 = 147 x 1013 213
For nuclei where the level spacing has been experiméntally

determined and the relevant energy sta"be of the compound nucleus is not in
the continwm,D (the level spacing) was obtgined as an average of data from
reference 33, If the relevant state is in j;he contimnm, then D(7 Mev) was
determined from the experimental dgta points in Fig. 3;5 of reference 32, and
the equation D = C exp(-BE%) was used with C equal to 108 ov (for light nuclei)
and B evaluated from the 7 Mev‘data. E is the excitation energy of the approp-
‘riate compound nucleus. ) | : |

The paremeter J2n/D is bbtained from complex potentiel well theory and
is plottea as a function of atomic weight in reference 32.

The equation for the capture cross section was then normalized to Hughes'
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' 2
1 Mev cross section data by solving for ,;L [;?and.gh were considered to be

energy independent.

434 Tabulation of Cross Sections

Table 4.1 1lists the énergy groups and fission spectrum 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 4.3

. TABIE 4,1
Energy Groups and Fission Spectrum
Fraction of fission
Group Number Energy Band peutrons born in band
1l oo - 2,23 Mev 0.346
2 2.23 = 1.35 Mev 0.229
3 1.35 - 0,498 Mev 0.301
4 0.498 - 0,183 Mov 0.091
5 0.183 - 0.067, Mev 0.025
3 0.0674 - 0,0248 Mev 0.006
7 0.0248 -0,00912 Mev 0.002
g 9120- 3350 ev -
9 3350-1230 ev -
10 1230- 454 ev - -
11 454~ 300 ev . -
12 | 300 -5 ev | ‘, -

13 S-O'ev -
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TABIE 4,2

Fission Cross Sections (barns)

Group Mumber > g 2
1 2.0 0.55
2 2.0 0.40
3 1,75 .02
4 1.65 -
5 1.8 -
6 2.0 -
7 2.4 -
8 3.2 -
9 4.0 -

10 7.5 -
11 11 -
12 40 -
13 60 -

-8




continued

Group Number Pu

1 .06
2 .10
3 13
4 «20
5 .36
6 .60
7 .89
8 1.3
9 2.2
10 49
11 7.0
12 25
13 45

* Assumed values.

Group Number

T+ AV T TR VU S

Cepture Cross Sectiong (barns)
I @ K Kk E
.02 .031 ,0001 .0003 .0063
.06 ,0007 ,0002  .0004 L0060
12,0007 .0003 .0006 .0060
18 L0011 ,000, L0009 .0066
.27 L0019 ,0007 L0013 .0093
40 .0045 .00L  ,0025 ,017
.57 L0097 .0025 0059 .037
70 .022 L0048  .015  .085
.90 ,050 .0088 .038 .21
1.0 .11 .016 .06l .51
2,0 .9 026 062 .76
30 33 042 L0682 1,0
2,0 3.6 <16 063 2,0

02
.02
«02
<02
.02
«02
«02
«02
.02
02
«02
<04
10

Inclestick Scattering Crose Bections

2
2.5
1.8
1.0
48

¥ Inelastic scattering cross

U

3.3
2.7

1.0

section for removal from group.

«40
J2

88w

Fe
1.1
.29

1]
1.8

55

«20

.003

1)




continued
Group Mumber Pu U
1 7.0 6.5
2 6.2 5.9
3 6.3 5.7
4 8.1 7.3
5 1 1
6 13 13
7 15 L
8 17 u
9 16 15
10 26 16
1 2 17
12 ™ 7%
13 120 9.5
D
Otr = Otot ~“M35 Os
Group Number Pu U
1 .055 060
2 055 .065
3 .039  .053
4 060  .O72
5 082 ,098
6 .91 L1
7 098 .11
8 20 .1
9 0 .11

Trensport Cross-Sectiong¥ (ba.ms)

c1
1.9
1.8
1.5
1.7
2.1
3.0
2.5

3.5

3.6

4.0

4.5
2
20

Table 4,2
B Mg
1.9 1.3
2.2 21
3.9 3.1
40 6.8
3.6 6.2
48 3.8
5.5 3.8
20 3.4
30 3.4
3.2 3.4
3.2 3.4
3.2 3.4
3.3 3

2.0
2.2
2.1
2,6
3.2
4e5
5.7
8,0
7.4
10
11

Y

3.8
3.5
3.4
5.5

EBFEEBEEE

9

1.3
1.3
2.8
4ol
364
3.5
3.6
3.8
3.8
3.8
3.8
3.8
3.8

¢

1.7
2.0
2.8
4.0

405' |

4o5
4o6
4.6
4.6
4.6
4.6
4o7
4.8

Elastic Scattering Removal Crosse-section* (barns)

c1
32
31
.13
12

A3

.17

L

.19
«20

Na
42
.51
.38
.34
.30
WA
A7

1.7

2.5

Mg

o227
45
.28

55
51
31
31

«28
.28

~89-
—_

Fe
7
.18
.088
)
12
.26
.20
.28
.26

Fb
0095

0%
.051
.058
096
.10
.10
21
11

[

037
.38
o4l
.56

042

oh2

43
46
46

e

051
.63
obid
63
71
071
073
73

o173




10 Jd2 .13 022
11 .28 .31 .58
12 _ 029 .07, .16

j .
*O_el.mod =0;73

27

065

«27
.65

.065

39

.89 -
.091

A1
026 : ‘
026

AU
r
TABIE 4,3 TNELASTIC SCATTERTNG SPECTRUM
To 2 3 _4 5
From
1l o044, 0364 377 157 0058
2 - «197 438 «268 073
3' -— — AT .388 o122
4 - - - ° 574 0300
5 - - - - o703
90-

6

46

Jl

«043
126
297

1))




b, RESULES OF THE PARAMETER STUDIES
b Preliminary Analysis

For an externa:lly cooled system, the maxinum power vhich can be re-
moved is proporbipnal to the volume of the hold«up in the external heat ex-
changer. The system mass of plutonium 15 proportional to the’tctal of the
system. Hence, an increase in the power removed at & given core volnme results
in en increase in the ratio of power to the system mass of plutonium, There-
fore, the lowest inventory cost ig obtained with the maximm power out~put.

Engineering considerations yielded an external hold-up volume of 3510
liters for a core power of 600 MW, which was considered to be the maximm de-
girable. Witk this externsl volume cons‘bant, & preliminary analysis was pers
formed to minimize the mass of plutonium. One ten group, bare core caleulation
was performed with a wranium to plutonium ratio of wnity in order to obtain a
typlcal core spectrum. This spectrum was used to averagé core parameters for a
"one-gpeed” paremeter study of system mass of plutnoium variation vith core size.

™e "one-speed” bare core criticality equation is e

_ 4 7 N
PR EAY ORI A LR A

A = L s P
vhere o« 't o ?44’1):[‘/32“1[5’: 7R, &, is the average
macroscopic ca;pture cross section of the diluenté other than uranium-238, In
terms of the bare eore mass of plutonium, M. and the bare core i‘ad.ius, R, this

equation becames

Mo . Ae (20 4 Zoﬁ‘._)io__fe_ 5.‘..,“_ 5.}.28 ()/25/)7 |




wheré JCéO;—W(\)%‘ | = );5—528_ 6-;1: (1)23— l.)

A, is the atomic weight of the zth element
fi is the atom fraction of the zth element in the salt
| 97 is the density of the salt in grams per cubic centimeter
N, is Avagadro's Number ‘times 1024
G 'e are in units of baxfns' o
M, is in units of grams
R is in units of centimeters
; Considering & reflector savings of'AR', the core mass bscomes

ut =%[__13.=4.\_ft___;3
c. R

The system mass of plutonium, Ms s 1s thus, for en external volume of V,

M :
) MS - ){1 [] v
e ot LI R3 ©
3

With an external volume of 3.51'x 106 cc, these equations mmerically yield

M, = |1.25 x 10%R+ 0,132 E=AE 2, L5 x 101% 41,11 x 10°
| R

This equation is plotted as the_ predicted results on Fig. 4.1.

‘ The reflector savings, AR, was dete_rmined from & blanket r_e_flection
coe_fﬁcient which was obtained by averag.’g.ng blanket perameters Qvér the core
flux energy spectrum, The reflection coefficient was found to be insensitive

to core radius. Thus & typlcal AR of 18 cm was used for all cases,
belo2 - Bare Core Ten Group Parameter Study

For the reasons gtated in section 4.l the study was limited to con-

‘sfderation of a salt of composition 3NaCl, 2MgOl,, ( 1 ) PuCl;, and
: ' l+x
52 .
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( X UCl,, where x is the ratio of ureniun to plutonium, N(28)/N(49). Cal-
ciiﬁiions were performed for various values of x to obtain bare core critical
mass, core flux energy spectrum, internal breeding ratio, and the net core
leakage which was used to obtain the maximum external breeding ratio,

The feflected core critical mass varietion with the reflected core radius
i1s plotted as Fig. 4.2. Note that the equation for M, in section 4.4.1 is of
the form

M, = kR + kR
where kz/kl 1s about 10~ so that for R less than 100 cm the deviation from
linearity should be less than 10 percent. This behavior is seen in Fig. 4.2
which is the result of multi-group treatment.

The system mass of plutonium obtained from the multi-group calculations
is given on Fig. 4.1 together with the prediction of section 4.4.1. It is

seen that the shapes of the two curves are similar and that the minimums fall

at the same reflected core radius. This indicates the validity of the assumption,

which was made in the preliminary analysis, that the parameters, when averaged
‘over the core spectrum, were insensitive to & change of core radlus.

The system mass of plutonium‘and the breeding rétios are plottéd as a
function of x on Flg. 4.3. Core flux eﬁergy spectrums for x equal to 0 and 1
are given as Fig. 4.4a and x equal to 2 and 3 as Fig. 4.4b. The rapid 1nére§se
of the system mass of plutonium as x decreases from 2 was considered to far
outwelgh the advantages accrued from the higher breeding ratio and the higher
flux energy spectrum. Thus the optimum system was chosen to occur with x equal

to 2,




4,1.,3 Reflector Control

In a reactor with & high core leakage, control can be affected by
changipé the fra.ctiop- of the out-going core lesksge which is returned. Using
é. molten lead reflector :'m. vhich the level is varied, the 1a:cgest contribution |
to control is due to the creation of & void surrounding the core., This void
results in some of the newtroms reflected by the blanket, which is now separated
from the core, to reenfer the blenket directly. The change of reflection co-
efficient due to the separé.‘ci.on of the blanket fram the core is ce.lcule:be&. assuming
that the neutrons leave the blanket in e cosine spatial distribution. In terms of
the reflection coefficlent with no separatlon the effective coefficient with a void
surrounding the reactor core is given by
_ N 1,
R+t (1 ~cC)
where R 1s the core radius ani t is the thickness of the void shell. The
spproximate velues of of , t and R used in the system were 0C egual to 0.5,
t T 2,5 cm, and R equalto 92 cm. For these values, o - is equal to 0.493.
Since the netv core leskage is epproximately one half the core geu-tron Pro-
duction,

Ay e ot o 0.0

k oC
Atomic Power Development Associates performed a three region, ten group

calculation to determine 4 k/k for the void control. These results give k/k
equal -to 0.016.

bbb Effect of & Molerator Section in the Blenket Reglon

To determine the effect of a graphite moderator section in the blanket
region, UNIVAC calculetions employing seven spatisl regions end thirteen energy
groups were carried out. For a constant total volume of moderator and blenket,

*9’4""
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variations were made on moderstor thickness and position.

The core flux energy spectrum with no moderator present in the blanket
region was identicel with that obtained with the thickést moderator section
used, considered at its closest approach to the core. Thereforé, the only con-
siderations in choosing an optimum system were the concentration of plutonium
production in the blanket and the total breeding ratio. These two considerations
are shown in Figs. 4.5 and 4.6.

The effect of a moderetor section on the outer blanket flux energy spectrum
is shown in Fig. 4.7. The effective capture cross section of uranium-238 in
the outer blanket is 1.45 barns with the moderator section present and 0.68
barns when blanket material was substituted for the moderator.

Over the range of moderator thicknesses considered (0 to 13em), the total
breeding ratlio varied only slightly whereas the average concentration of plut-
oniun production increased by a factor of about 1,6 with the average 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 of seven centimeters were chosen for the final system because of
higher average concentration and more uniform spatial distribution of the plut-

onium production in the blanket,




4e5

sists of the seven spatial regloms listed in Table 4.4.

FINAL DESIGN

The final system, based on the results of the UNICAC calculations, con-

TABLE 4.4, REGION DIMENSIONS AND COMPOSITION

Region

1.

2e

3.
Lo

5.

7.

-core
core vessel
lead reflector

inner blanket

moderator

duter blanket

graphite reflector

Outer boundary ‘ !cm )
92

93.7
96.2

103.2 -

126.2
139.7

160

Composition
3 NaCl, 2MgCl,, 0.6 UC1,,
0.3 PuCly. /= 2.5 gn/ce
a.ss‘umed'to be iren for
nuclear calculations
liquid lead
volume fraction U0, = 0.50
volume fraction Na = 0.42
volume fraetion Fe = 0,08
grephite
volume fraction 002 = 0.54
volume fraction Na = 0.44
volume fraction Fe g 0.02

graphite

The detailed neutron balance sheet, normalized to one heutron ‘absorbed

in plutonium in the core, is given in Table 4e50) of Pu = 2,88 and ‘Jof 0238-

2.5.

. T
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region 1:

fission in Pu .

capture in Pu .

fissions
captures
captures
captures
captures
region 2:
captures
region 3:
captures
region 4:
fisslons
captures

| captures

captures

region 5:
captures

region 6:
fissions
captures
captures

captures

inU .
inU .,
in C1
in Ra

in Mg
in Fe
in Pb

inU,
inU.
in Ka,
in Fe

inC .

in ﬁ .
inU.
in Na
in Fe

TABLE 4.5 NEUTRON BALANCE
neutron gbsorbed

* L] L J L] L L] L L L 00793
[ ) L] L ] L L ° e L L] 0.207
L L . L L d L L 4 L] L ) 0‘048

‘.........0.233

[ [ ] ] L L] L] L] L * 0.111
* * [ ] L] L] L] L] L] L] 00005
L 4 L] [ ] . . L . L L 0.011

¢ o & o o ¢ o o o 00046
e o o o o o o v o 00012
® o o ¢ o o o o o 0.023
® ® e o o e o e @ 0.437
¢ o o ¢ o o o s ¢ 0.003
e o o & ‘ o e o ¢ o 00041
e & ¢ ¢ o o o o o 0.0)2

¢ & © & o6 & o & 0. 001

...-.....0.005
.........0.014

neutrons produced

2.284

0.120

0.058

‘ 00002
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TABIE 4.5 (cont.)

" neutrons aﬁééfﬁé&ﬁx?’gfr neutrons produced
region 7: | |
ceptures inC . . . . . . . . . .« . » » 0,001
leakage . ; e o o o o o e o o o e s o o « 0,055
totals for all regions ¢« . o o & o o o « o o « 2464 . 2,464

breeding ratio = 1,09

The spatial neutron flux distribution for each of the thirteen energy
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 reflector thickness of 5.1 cm. These

238 in

values were subsequently reduced in ordér to increase the fast fissions in U
‘the blanket and to rediitt the. parasitic captures in the core vessel and refleéfor.
Energy spectrums of the core, inmer blanket and outer regions are shown
on Fig, 4.11. ‘
The number of fissions occuring below lethargy u vs. u is ;lotted as‘Fig. 4.12,
The total system mass of plutonium is 1810 kg. This extremel& high.vélue
is primarily due to the low density of the mixed chloride salt ah& torfhe very
iarge external hold-up volume. Because of the low density and the lower thermal
conductivity of most low melting salts, this high inventory is an inherent
characteristic of fused salt systems. The effect of ihe high external.hold;up
volume could possibly be improved somewhat by employing a salt with better héat

transfer characteristics.




)

3400

3200

3000.

SYSTEM
MASS
OF

PLUTONIUM '
2800

(kg.)

2600

2400

2200

2000

1800

ORNL LR Dwg. 15408

SYSTEM MASS OF PLUTONIUM VS, CORE RADIUS

Figure 4.1

Bare core 10 group study

Prediction
{
;
i
L)
L
\
1
1
i |
\
\
\ 1
/ .
AN ]
N y ]
™ y 1
N Y
N 7|
AN v Y |
N =t =t y i
h N
i
Lo 60 80 100 122

CORE RADIUS, cm.

-99-

-_—




ORNL LR Dwge 15406

CRITICAL MASS OF 49 IN CORE VS. CORE RADIUS

1600 e ol
"CRITICAL

MASS Figure 4.2 P /
(kg of Pu.) )

1Lh00

1200 s . y

h N

1000

N

Y
3

800

Ny

600

N

L oo

N\

-4

200

20 1,0 60 80 100 120
CORE RADIUS, cm,




24

[l

ORNL LR Dwg.15407

NUCLEAR CHARACTERISTICS PARAMETER STUDY ON A
3NaCl, 2MgCl,, 1 UC13(Pu013) SALT WITH EXTERNAL

HOLDUP VOLUME SPECIFIED AT 12l CUBIC FEET

Figure 4.3 1.6
BREEDING
3400 RATIOS
N o ]
. ul
3200 3 ™ 1.
N = i~ T—oll- CRx
N Ey= :E
™ QELELY i o
3000 ] 1.2
KG OF L9 1
in -
SYSTEM NN
2800 md 1.0
—
‘ o
\
2600 0.8
\
\
2’-‘-00 7 0.6
N 88
2200 i 0.l
: /
N
AN
TN
N
: h N Pd
2000 ~ = 0.2
1800 117 H- 0
0 1.0 ‘ 2,0 3,0
N(28)/N(L9)

-101-




Figure 4.4a ORNL LR Dwg. 15405

CORE FLUX SPECTRUM VS. LETHARGY -

T S

O.Zh 153

L

0.08
Of
2 L 6 8 10
LETHARGY, U
U 1n 10 Mev./E
0.2l
© 0.16 in seic
A
i
\ ]
0,08 :
2 i 6 8 10

LETHARGY, U
-;02‘-




S

0.2l
. 3
:& 0.16
] o
93
0.08
} 0
0.24
N
0.
». > 16
t.\;9*
<Q
0

CORE Epgx SPECTRUM VS. LETHARGY

Figure 4.4b

ORNL LR Dwg. 15403

2 I 6
LETHARGY, U

-103-




/0 % ORNL LR Dwg. 15&10

CAPTURE IN BLANKET URANIUM PER ABSORPTION IN PLUTONIUM FER
MILLION CUBIC CENTIMETERS VS. THICKNESS OF MODERATCR SECTION

WITH CONSTANT MODERATCR PLUS BLANKET VOLUME

0.3

CAPTURE IN BLANKET

28/ ABSORPTION IN

49 PER MILLION CC.

0.2

8 10

' 001

i n .
THICKNESS OF GRAPHITE MODERATCR SECTION, cm.

Figure 4.5

-701-




v ' > - : y .
XS ORNL LR Dwg. 15409
TOTAL BREEDING RATIO VS. THICKNESS OF MODERATCR
SECTION WITH CONSTANT MODERATCR PLUS BLANKET
o ~ VOLUME
n _1;11 L;
L e e
TOTAL BREEDING [T = o
RATIO , = ;
1.10 | ‘
. —
u My
1,09 HEH
4 6 8 10 12

2 .
THICKNESS OF GRAPHITE MODERATOR SECTION, em.

Figure 4.6




ORNL LR Dwg. 15412

INTEGRAL FLUX VS. LETHARGY

0.15

$] ‘_ H 1441111
&= L 13
0.10 4 T
R 4
N
Ay ;
g\
\
c.05
0 1 5
0.20 |
ﬂ&h ld [® F Yy -~ hi k3
: AP A" 1418 »
0.15
Y
N
N
N
3.0
0,05
0 |
0 by -8 12 .16
. LETHARGY, U
.. Figure 4.7

~106~




-107-

. ORNL LR Dwg, 15415

&0
RADIAL POSITION  (em.)

Figure 4.8




(TS em

,
i
|
3
(T3
1 -
-
E
-1
[ |
=
S
f
t
7
i
_
A
I !
1] ]
‘
Iil
i
il
&
i
A
i
) i
iR I
i e
JL0 |
1N R A
i il
k| (l W
V,
il
# I r ]
- ;m _ i
o ;
L U L N
_
!
il
bt
il ;
ki (1)
:
!
!
b
i
0
N :
i I i
; e
LY |
= 1 ,,. )

PTTNL

~108~

120

(em)

g0

RADIAL. POSITION

60

1
1
i
- L
Fﬂ f2E( RN R E
] it
T !
Kl
{
, i
TiH !
0 i
t I 1410
i yﬁ !
il
; i
_ _+ T
N
, ) T
3
¥
I ]
iU w 1!
0 +H4+-+4 e
! * r—+—t—1
111 I
i i
;
; ,
il i
T ]
! b
— 0
* i 1
:
f nEN
“ -
i
|
1
T
1
1
T
i
v " i
v 3
i i
T _
I
i _
R
IO H
T

Figure 4.9

i\

LY




FL

Fi

"

€,

ORNL LR Dvwg. 15417

f

T
y=m—-

],
HE

Pt

|

d&
it im|

=s

1
=
T

T
H

i

o

R
§

oo

o

]
L

-t 1]

N
e 4
-+4 +4
]
nE
agam
1 /]

11
RADIAL POSITION  (cm. )

Figure 4.10




0.20
¥ 0.6
% .

0.08

0.0l

FLUX VS. LETHARGY

Dwg 1540l

3%0.12

INTEGRAL
Figure 4,11 OR
BLANKET
i

B L

8 12 16

LETHARGY, U

-110=-

/—




A3 1

FRACTION OF FISSIONS EELOW LETHARGY, U, VS.

ORNL LR Dwg. 15411

LETHARGY, U.
1.0
N
_' A
f \
; N
0.6 N\
FRACTIONS Yad W
OF FISSIONS: ~
EELOW U ¥
0.4 X,
N
L
N,
0.2 .
oy
gy
o 2.0 LO 6,0 8.0 10.0
LETHARGY, U, - : ’
Figure 4.12




CHAPTER 5 CONTROLS

5.1 GENERAL CONSIDERATIONS

The control of a fast reactor is no moré difficult than that of a thermal
reactor. Even though the prompt neutron lifetime is much shorter in a fast
reactor, the delayed neutrons are still the controlling factor. It is the mumber
of delayed neutrons eveileble that determines the emse with thich the réactor
is controlled. Ih e plutonium fueled reactor there is less than one-half the
number of delayed neutrons that are avellable in & reactor using U238 for fuel.
Also, & circulﬁting fuel reactor reduces the effective number of delayed neutrons
aveileble for contiol because sdme are born in the loop ouﬁéide the core and are
lost to the system. Therefore, the main difference between the control of a fast
and thermsl reactor is in the method of control.

One method of control is with the use of a neutron absorber. This method
is not generally satisfacgory for fast reactors because of the low capture
cross sections for neutrons in the high energy spectrum. This requires that a
largé smount of absorber materisl be moved'in & relatively short tiﬁe. Also,
the conversion ratio in a fast breeder reactor is lowered.

Ancther méthod of control is with the movement of fuel in the reactor. This
does not lower the conversion ratio but does present the additional problems of
having to remove fhe heat generated in the fue; rod and having to process
the rod. This mgthod is not too practiceble in & circulating fuel reactor.

The use of & movable reflector appears to be the most practicaﬁle method
of controlling & circulatihgvfuel fest breeder reactor. This method has the
disadvantéée of having to move a large mass of reflector material in & short
period of time. It also lowers the conversion ratio slightly. However, this
method of control was selected for the reactor under consideration in this

project.
"112- »
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5,2 DELAYED NEUTRONS

The control of a fast reasctor with only pfampt neutrons available would

be extremely difficult because the averagé lifetime of prompt neutroms in 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 16’2
seconds. This increases greatlyithe ebility to control the reactor in a safe
manner.

The fraction of delayed neutrons emitted by the fast fission of plutonium-
239 is 0.0023 and of wranium-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?; is 0.0032., This is the value when the fuel is
not being circulated. v

In considering a circﬁlating fuel reactor, it is obvious that a part of
the delayed neutrons will bé émitted outside the core and therefore lost to
the system, The fraction of delayed neutrons that are useful to the circulating
fuel reactor under steady statevconditions can be calculated from the ratio of
the average concentration of delayed neutron precursors in the core to the
concentration of delayed neﬁtron precursQrs in the core when the fuel
is stagnant. This fraction for the ith delay group can be written as follows:37

. : t
SR B ). N | (e WY
‘ Nty \eDte_ NY
‘ -e

where)\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 ome dollar of reactivity - o (3) =
0.0017, the reactivity dollar has been deflated neerly fifty percent due to

circulation of the fuel.
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TABIE 5.1 38

DELAYED NEUTRONS FROM Pu2>

Ty (sec.) \AL(sec.'l) Bi x4

WM™ WN

53.7 0.0129 0,.00009 0.462

22.9 0.0303 0.00062 0,462

6.11 - 0.1134 0.00045 0.464

2,14 0.3238 0.00088 0.480

0.40 1.7325 0.00028 0.709

0.15 4.620 0.00002 0.884
TABLE 5,2 38

DELAYED NEUTRONS FROM U23%

oWnHW N

T4 (sec.) 7\:1_._(§ec-1) Bi A i
53.0 0.0131 0.00014 0.462
22,0 0.0315 0.00178 0.462

5.3 0.1308 0.00278 0.462
2.0 0.3466 0.00718 0.480
0.51 1.359 0.00419 0.657
0.18 3.851 0.00153 0.861
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The lifetime of prompt neutrons can be calculated by

L ___ 1 3
), f; = 0.5 x 10 seconds

. S édE

vhere .
V" Seq dE
end & _f5, $JE
2 " T edE

In the region below prompt critical, the delayed neutrons determine the
average neutron lifetime in the system.

With circulsting fuel’’

L= Z (161 é i + L = 0.018 séconds
i
At

With stagnant fuel>?

L- Z éi + L = 0,039 seconds
i
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5.3 TEMPERATURE COEFFICIENT OF REACTIVITY

The change in reactivity_due to a change in temperature 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

gsalt, ,
DBz)
£ - n¥ -5 o | (5.3.1)

where DBZ = leakage cross section

and Z-f
DB*
2¢

|- £L8* = probability of non-leakage
R

Define 5 - 5 - DB* (5.3.2)

Substituting (5.3.2) in (5.3.1) and rearranging we get
4= 2D (5.3.3)

total removal cross section (including leakage.)

probability of leakage

IfD - L
FZ

i
then _ 35. 5
AR (2

From preliminary core calculations it was found that 3J. Zt X BR so that
small changes in 32;. 2t in the mmerator of (5.3.4) will not be affected very

much if 3 Z,.Zt +52 in the denominator is assumed to be a constant. (5.3.4) can

be rewritten és

A CE 2 | (5.3.5)
‘ and 2-), = bg’ N)-;_ 6—:1'. = NfG: (503-6)
and 5o Nos , ~ (5.3.7)
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Since Hr ,6 N

then Nr = CZN | ) (503-8)
Substituting (5.3.8) in (5.3.6)
2r~0Cy NOT (5.3.9)
Substituting (5.3.7) and (5.3.9) in (5.3.5)
vhere 03 - 0102 G; 6;
Reactivity = dk -~ 2 0.8 NdN = 2..2’_,\_/ . (503011)
k C, N> N
and N<}Q
so dk C (5.3.12)
Yo 2de v

From the curve of fused salt density vs. temperature (°F), it was found

that
df a-b.2 X 10'4 ar

The average temperature of the fused salt in the core is 1200°F and the
average density is
/‘5 = 2.5 g/om3 |
Hence dk~2dp = -3.3 x 107 ar
and the temperagur,e coefficient of reactivity due to the expansion of the
fused salt is negative and approximately
3.3 x 10™% por F

The above approximation was verified by‘ a ten gfaup, three region machine
calculation which found the negative temperature coefficient of reactivity
to be 2.4 x 10™% per °F.

Since there is mo 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 coefficient
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of reactivity obtained using the theoretical densities appears to be on the '
_high side., Therefore, 3.3 x 10~% per °F was taken as &n upper limit, The
lower 1limit used in simulator studies was 2 x 105 per °F. These values appear
to bracket the coefficients used in the design of similer reactors.

There are several other factors contributing to the coefficlent of reactivity.
The expansion of the lead in & partially filled reflector due to a rise in’
temperature will give an increase in reactivity. A simple calculatidn wvas made
to determine the magnitude of this effect. It was aésumed that the reflector
was & cylindrical shell 176 em high,

The change in the density of lead due to a temperature change was found
from Figure 5.140 to be

- 0.00065 g/cm’/°F

Therefore, /0= Jf-o.00065 T
where T is the change in temperature from T,.

If the reflector is ome half full at 1200°F and the temperature is increased
so the reflector level will raise one cm, the weight of lead will remain con-
stant, so

2Trx shd 2 = amr(Lh+ ) c}(ﬂ - 0'00005"7_)

Rearranging, T =

G000 65 (& hel)
_P=10.22 g/en® at 1200°F
"s0 T = 177°F rise.

If the totel 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, & 177°F rise in
temperature will raise the reactivity 0.9 x 107, The temperature coefficient
- of reactivity due to the expansion of the lead reflector is then approximately
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0.5 x 10'6 andvis positive. This is considerably smaller than the lowest
value of the negative coefficient used for expansion of the fused salt,

The Doppler effect41 is another source of variation of regctivity wvith
temﬁerature. The overall effect is to increase resonance coross sections with
" an increase of temperature. Thus, the fissions in Pu?3? will be increased
witﬁ”increasing temperature, leading to a positive temperature coefficient of
reactivity., This positive coefficient 1§ in part balanced by the negative
coefficient of reactivity arising from the increased absorption in the Pu239.

U23§ introduces a negativa-coefficient of reactivity so with the proper
balance of tﬂe two materials, the positive coefficient can be cancelled out.

It was found in a U235 system that to obtain a negative temperature coefficient
of resctivity, the ratio of U238 to U°2° muclei would have to be greater then
1.9. In the reactor belng studied, the ratio of U3 to Pu?39 1s 2,0. Although
no calculation was made for the Pu239 system, itqappears that if the temperature
coefficiéntbof reactivity due to the Doppler effect i1s still positive, it will
be small compafed to that obtﬁined from the density change in thg fused salt,

~120=-
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5.4 REFLECTGR CONTROL

tThe lead reflector wivll be used primarily fer shim control to compensete
for burn-up of the fuel, This will allow the a.dditien of fuel at fixed intervale
rather than continmuously if concentratien control were used. The operatingk
level of the lead refiector at the beginning ef a burn up period will be at a v
point where only 0,0025 .of reactivity can be added by completely filling the |
reflector. This will allow for about ten days of operation between additions " |
of fuel, ,

The dumping of the lead reflectoer can be used for normal shut downs of |
the reactor. However, the operating temperature of the fused salt must be .
maintained during shut down either by decay heat or by the eddition of external
heat. This is to prevent the reactor from going criticel due to the negative
tem_perature coefficient of reactivity if the temperature d_reps. The dump:lng | 4_
of the fused salt will occur only as. an emergency screm or when the reactor | | B
requiree maintenance. Dumping of the leed reflector for shut down will reduce ;

greatly the censequent start up time.l
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5.5 SIMULATGR STUDIES

Simulator studies were run to determine the stability of the system under
changing load conditions. The load demand was varied from full lead down to
1/6 load in steps of 1/6. The load 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 could be changed in actual practice, the system proved to be very stable
under these corditions. This was because of the negative temperature coefficient
of reactivity and the large heat capacity of the system, The use of different
negative temperature coefficients of reactivity only changed the time with
wvhich the system responded to the load changes,

Due to & lack of time, no method to hold the steam temperature at its s
design point when the load was reduced was simulated. However, there are
several things that can be done, either wholly or in part, to maintain the steam
temperature. The temperature of the boiler feed water can be reduced by reducing .
the amouht of steam to the boiler feed water heaters or also the steam temperature
can be reduced by attemperation. The auxiliéry cooling system could be used
to remove part of the heat., This design calls for constant speed pﬁmps but 1if
variable speed pumps were available they could be-uged to regulate the steam
temperature. 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,

1,

The following diagram shows the design temperatures of the various loops

in the system at full load. -
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As seen in Fig, 5.2, the reactor power follows the load demand with

practically no overshoot with & negative temperature coefficient of reactivity

of 3.3 x 10”4. There is no noticable change in the mean fuel temperature as

the load demand 1s wvaried.
5

A negative temperature coefficient of reactivity of 2.0 x 10 ° was used
to obtain the results shown in Fig, 5.4. Even with this small coefficient,

the reactor is steble but requires more time to reach equilibrium after a load

demand change.

Fig., 5.5 shows the different temporatures obtained in the system when
the load is varied. This is with no method of controlling the steam temperature
in the simulator circuit.

The dlagrem usgd to set up this reactor system on the simuleter is shown
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. Bring blanket up to operating temperature by adding heat through the blanket
heat exchanger. |

2, Heat fused salt to operating temperature in dump tanks,

3. With the lead reflector empty and the source in the blanket; begin pumping
the fused salt into the core, stopping at iﬁtervals to check criticality.
With the source in the blanket, the multiplication constant is not very
sensitive to the addition of fuel until the reactor becomes nearly critical.
At this point, more care must be exercised as criticality is approached.

The concentration of Pu must be such that when the core is completely filled
and at operating temperature, the multiplication constant is 0.95. The
punping rate is 5 gpm which is aedding resctivity at approximately 0.0001
per second. If a positive period is detected while filling the core, the
dump valve will be opened automatically. It is estimated fhét‘the solenoid
will operate in about 30 milliseconds and the core will empty in 4 seconds.

4. After the core 1s filled, finish filling the fused selt loop and start
the fuel circulating punp. Add heat through the main heat exchanger to
keep the fuel at operating temperature. |

5. Fill lead reflector to oﬁerating level, stopping at intervals to check
criticality.

6. Add Pu to bring reactor critical. This must be added in small amounts at
a point in the loop aheéd of the heat exnhangef to obtain maximum diffuéion
in the salt before it enters the cofe. This dampens out the fluctuations |
of the multiplication constant which occur wheh the richer fuel enters the

-130-
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core. These fluctua‘tipns mist not be large enough to put the reactor on a
prompt criticel period. |

Te If the mean témperature of the reactor is below the operating temperature
aefter it has gone critical, continue to add Pu until the reactor Teaches
the operating tempersture. Then control the temperature level by reflector
shim during the burmup period.




CHA 6 __CHEMICAL PROCESSING

6.1 PROCESS FLOW SHEETS

6.1.1 Core Processing

The core processing flow sheetéz’ 43y 4 is shown in Fig. 6.1. Both

the core and blanket chemical treatments employ a Purex-type process as an

integral part of théir processing cycles., Since standard Purex is a relatively

well-developed operﬁtion, it will not be explained in detall and is shown as
a single block on the flow sheet.

The chemical process for thg core is givan in the following outline:

a., The fused salt is drained from the core. After ®cooling" at the re-
actor site, it is transported to the processing plant.

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

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

d. The precipitate is dissolved in acidie solutionvbuffered with emmonium
ioh.

e. Ammonium hydroxide is introduced to a pH of 5-6 to precipitate the
uranium,vplutonium, end some remaining fission products as hydroxides. After
centrifugation, the.filtrate solution containing most of the magnesium is again
discarded, if the Pu content 1s acceptably low,

f. The precipitate is dissolved in nitric scid solution.
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g, A modified Purex process is used to obtain decontaminated plutonium
nitrate, Details of some of the modification will be discussed in a later
section,

h, The plutonium is precipitated from nitrete solution with oxalic acid.,

i. The plutonium oxalste is refluxed in hexachloropropene for 24-48 hours
at 224°0. Impure anhydrous plutonivm trichloride (containing carbon) results,

J. The plutonium trichloride is chlorinated with phosgene for eight hours
at 600°C to remove impurities. The plutonium is then in a form which can be

returned to the reactor core.

6.1.2 Blanket Processing

The blanket process flow sheet44 is shown in Fig. 6.2. The following
outline summearizes the chemical processing scheme for the blankets

&, The uranium dioxide-sodium péste is drained out of the blanket by use
of pressure and dilution with additional sodium, if needed.

b. After the paste is "cooled" at the reactor site and then transported
to the processing plant, the sodium is evaporated from the uranium dioxide and
is recovered for re-use..

¢. The uranium dioxide powder is contacted with ethyl algohol to dissclve
the remaining sodium, This step may not be necessary,,dependiﬁg on the effiéiency
of the previous step.

d. The powder is then dissolved in hot nitric secid.

e. The standard Purex process is employed to obtain decbntaminated plut-
onium nitrate,

f. Steps h through j in the core processing outline are followed to ob-
tain plutoniwm in a form suitable for use in the core.
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6.1.3 On-Site Fission-Produect Removal

6.10301 Off-G&s S!gtem

To make provision for the removal of fission-product gases, an
off-gas system must be included in the design of the reactor complex. In
addition, it is suspected that some chlorine gas may be given off from the core
nmaterial, although the amount will probably be small.,

With the production of some chlorine assumed, the following outlin945
deseribes an off-gas system on the basis that some 9.4-year krypton will be
formed and fhat'the reactor will not be located in a desolate region where dis-
persal techniques could be used.

a. The gases from the circulating fuel loop are removed through a vent
at the top of the inlet plenum to the primary heat exchanger. No compressor
is required, since the core system is under pressure.

b. After passing through a filter and & cooler to remove entrained particles
and vapor, the gases go through a let-down valve., The salt from the filter
and cooler is returned to the core system.

¢. The gases next pass through an aqueous or caustic scrubber and & silver
nitrate reactor to remove the chlorine.

d. The gases are dried at - 70°F to remove water vapor.

e. After passage through charcoal absorbent beds, all rare gases
are retained in the charcoal, If a carrier gas such as helium or nitrogen were
introduced subsequent to the let-down valve, this gas-would‘then pass through
a CWS filter or equivalent and finally out of a stack.

Periodically, the bharcoal beds would have to be heated, and the rare
geses thus driven off would be stored in pressufe eylinders. However, if the

..]_36. ‘

s

[t}




Iy

smount of 9.4-year krypton were sufficiently small, buried pipes containing
chercoal at ambient temperature could be substituted for the refrigerated char-
coal beds and would provide sufficient holdup to allow decay of the rare gases

before release to the atmosphere.

6.1.3.2 Precipitetion of Fission Products

A.f‘l_:er the reactor has’been :lﬁ operation for a time, it is poséible
that certain fission products (presumably rare earths) will build wp to con-
centrations 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 qualitative treat-
ment of this problem,

Since fission-product concentrations will be building up rather slowly,
it seems reasonable that they could be kept below their solubility limits by
contimious processing of a small glde-stream from the ecirculating fuel loop.
This streem would be tapped off from the hot stream leaving the reactor core
andA then passed through & small large-tube vertical heat exchanger cooled by
an auxiliary sodium stream. The chloride mixture would then gb‘ to one of two
filters in parallel where precipitates would be removed. 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 would be
necessary to cool the side stream to a temjperature below the mihimum in the
circulating fuel lodp. In order to prevént introduction into the core of a
gtream with cold spots, the side stream would be returned to the inlet plemm
of the main heat exchanger, allowing time for mixing.
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6.1.,3.3 Distillation Removal of Fission Products

The possibility arose of the continuous paf%ial removal of low-
boiling fission-product chlorides from the core mixture by distillation of
a small side-stream, Again, lack of experimental data prevents quantitatife
-treatment of this problem, However, it is at least worthy of mention that it
might be possible to postpone for a long period of time the complete aqueous
processing of the core materialrby means of an on-site continuous distillation

~

process.
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6,2 CONSIDERATIONS LEADING TO PROCESS SELECTION

6.2.1 Processes Considered

Any attempt to select a chemieal processing treatment for & reactor
systen as broadly defined initially as the one described in this report de-
perded upon the basic problems of core and blanket materials selection. Quite
naturally, every tentative cholce of materials for either the core or the blanket
necessitated a preliminary investigation of the processing problems involved
in orderrto determine any excessive cost requirements or prohibitive operating
conditions, ‘

Although the nature of the reactor studied dictated the general type of
material in the core, there was a considerable degree of latitude in choosing
the blanket material, as indicated previously in the report. Under consideration
vere urenium dioxide-sodium systems and canned solid uranium in addition to
fused uranium salts, Thus the chemical processes investigated included pyro-
metallurgical, volatilization, electrolytic, aqueous and other processes.

It became evident very early that any evaluation of most of the processes
considered would be hindered by two potent factors, viz., lack of experimental
data end non-existence of reliable cost data. Since the time to be spent on
chemical processing during the course of the,projegt was limited, it wasvdecided
that studies would be restricted to those processes on which sufficient experi-
mental and cost data were available to allow a realistic appraisal. Uhfortunately,'
this decision almost automatically eliminated everything excépt agqueous processing.

The above decision, however, was in line with the general project philo-
sophy that the reactor system designed.wauld be one for which a capablility of
construction might reasonably be expected to exist in the next couple of years.
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In addition, it was felt that with the low fission-product capture cross séctions
in a fast reactor, it might be possible to process infrequently enough to make
aqueous processing economical by employing & centralized processing facility.

The vindication of this idea appears later. (See Section 6.3.1). Actually,

this approach should be conservative, since‘economics will undoubtedly dictate
that the construction of any type of processing facility have no higher costs

than those estimated at present for aqueous plants.
6.2.2 Process Selection

Among the aqueous processes, the Redox and Purex processes have been

most widely studied and are feasible for plant-scale construction. Data on
\othef aquéous processes are not widely available, and it seems unlikely that
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
to be resolved. Since thinking was in terms of a centralized 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 prdcess
for both core and blanket, This problem is discussed in Section 6.2.3. Further,
there reméined the determination of economical head-end and tail-end treatments
suitable for the materials in the blanket and the core. Treatments weré fazndAL A

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

6.2.3 Purex Modifications for Core Processing
43

Information obtained on the Purex process -~ indicated that it would

be entirely feasible to adapt the process to handle feeds of high plutonium
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content, However, several major problems were apparent immediately.

Processing of fuels with high plutonium content requires close control
of the Pu concentration to maintain subcriticality of all equipment. The high
concentration of‘fission products in the feed poses both chemical handling and
radiolytic reagent degradation problems, In fhe plutonium separation step,
the reductant (ferrous sulfamate) concentration must be stepped up to maintain
the increased amount of Pu in a chemically reduced state., This in turn leads
to a requirement for separating large quantities of ferric ion from plutonium.
The solution of these problems would require development work in the laboratory.

Much more dilute concentrations of uranium than in & standard Purﬁx vaald
have to be employed in order to maintain the low plutonium concentrations
necessary for suberiticality. Onme mefhod for alleviation of this situation
vhich would bring the process closer to a standard Purex is to recycle uranium
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 hydroxides from
the head-end treatment, ylelding a solution closer ekin to the conventional
Purex feed with respect to uwranium concentration. To improve this treatment,
a higher initial TBP concentration cduld be used in sterting the Purex to'pro- 
vide a higher uranium concentration in the strip solution and this latier éolution
could be further concentrated by evaporation.

Longer fuel cooling times would lessen the decomposition of Purex reagents
by fission-product decay. The increased amount of ferric ion in the final
plutonium solution could be handled by increésing‘the'ioﬁ‘éxChénéé’féciiitieé

employed in the standard Purex process;




6.2., Alternate Blanket Process

In addition to other processes mentioned, there was another44 con~-
sidered which is worthy of mention in deteil, since it seems to have escaped
mention in the literature and since it has quite interesting possibilities.

The process depends upon the fact that plutonium dioxide becomes refractory at
a much lower temperature (500b600°0)than'doeauenium dioxide (about 110000)
and most fission-product oxides and hence can be exceedingly difficult to
dissolvé from an oxide mixture, As a result, if the proper dlssolution con-
ditions are used upon an oxide mixture in which only the plutonium dioxide 1s
refractory, the uraniﬁm dioxide and a good portion of the fission-product
oxides can‘be dissolved initially, The resulting matrix can then be dissolved
yiélding a solution which contains mainly plutonium with some fission products.

Since no experimentel data has been found on the decontamination obtain-
able, it is difficult to evaluate this process. However, it is interesting
to consider its use for fast reacﬁor bred material, where very high decontam-
ination factors are not essential, due to low fission-product absorption cross
sections. One possible limitation of this treatment is that the concentration
of Pu0y in U0, must be high enough so that the Pqu will exhibit its own pro-
perties,

A tentative outline for such a process 1s given as follows:

a. The sodium is removed from the uranium dioxide-sodium blanket material
by volatilization and alcohol dissolution as explained in Section 6.1.2.

b. An oxidation may be necessary to convert any plutonium metal to dioxide.

c. The oxide mixture is roasted at 500-600°C to meke the PuO, refractory.

Depending upon the blanket temperature, this may have already been accomplished




¥

during irradiation. On the other hand, too high a blanket temperature could
cause all oxides to become refractory, destroying the feasibility of this
process.,

d. The wanium dioxide and most fissién—product oxldes ere dissolved .out
of the mixture with hot concentrated nitric acid.

e, The remaining materisl, maiﬁly Pu0y, is dissolved in nitric acid
containing fluoride (sbout 0.1% HF),

f. The plutonium is precipitated as oxalate and treated as described in
Section 6.1.1. i
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6.3 FPROCESSING CYCIE TIMES

6.3.1 General

Thus far, little mention has been hade of the‘economic feasibility

of the chemical pfocesses already described. Actually, preliminary cost estimates
were made Eefore final process selection to insure that there would be no
economically unrealistic choice made, |

The determination of procéssing cycle tiﬁes revolves‘largely, though not
entirely, about the question of economics. For this reason, the major part of
this section Qili‘be spent upon economics calculatioﬁs. Although fission-pro-
duct buildup is not as hermful in a fast‘reactor as in a thermal reactor, this
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 minimiéation
of fuel procesSing costs through the existence of a central processing plant
treating the fuel from & number of power reactors. Thus, it should be borne in
mind that all cost figures are based on the assumed availability of such a

processing plant.

6.3.2 Effect of Fission-Product and Transuranic Buildup

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 influence 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 paramster distribution for 023 5 fission in intermediate spectra.
From a plot of Greebler's results, average values of 2 0‘5 for each group in
the final multi-group calculaetion were taken and averaged over the flux in

lethargy space as shown in Table 6.1.

Table 6,1

Average Fission - Product Cross Sections

2 0p $ Uy |
Group (i) {barns) (normalized) 2_0}—4>A‘4
1 0.029 0.0574 0.00166
2 0.034 0.0780  0.00265
3 0.041 0.1862 0.00763
4 0.057 0.1854 0.01057
5 0.086 0.1809 0.01556
6 0.152 0.1359 0.02066
7 0.318 0.0980 0.03116
8 0.695 0.0359 0.02495
9 1.5 0.0210 0.03150
10 2.8 | 0.027  0.06356
1 5.8 0,007  __0,02726
- ' | - 0.237 ba.rn'- 0:/3

To a.chieve sufficient burnup to provid.e WO fission-product atoms for

| each plutonium atom In the core system would req_uire about nine years of opera.ticn,

with 600 MW core heat production, & core system Pu inventory of 1810 kg, and an
80% load Pactor. If this situation existed, calculations indicate that the

meximim poési'ble fractional décrea.se in the external bréeding i'a.t'io would be
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Gp Q#+x) | 2.1 (110.26)

proﬂded that sufficient additionsl plutonium is added to the core to maintain
a constant internal breeding ratio. Thus, -with an initial therpal breeding
ratio of 0.852 and & constant internal breeding ratio, the decrease in the
external breeding ratio per year will be

0,090 x 0.852 = 0,0085 per year
9.0

No adjustment of this value will be made to account for remorval of fission-
product gases, since this effect will only be about 10% and since there is
uncertalinty in Greebler's values.

To account for transuranic buildup, it was decided to make an order-of-
magnitude correction only, due to limited time. 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 products, the value for the de-
crease in external breeding ratio per year due to fission products was doubled
to include the transuranic 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 Cycle Time Selection

Regarding the reactor site stockpile for replacement of fuel burnup losses,
it was bdecided to commence each quarter of the year with & three-month supply

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

- &t the start of the following quarter.

6.3.3.2 Core Processing
To determine the optimum core processing cycle time, an economic

balance was made between processing cost and loss in breeding credit due to
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fission-product and transuranic buildup. Neglected was the increased pluton-
ium inventory cost with times due to the extra amount required to maintein cri-
ticallty 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 constent with time, the weight of these materials ir the core systém
is

3605 kg of U + 1810 kg. of Pu = 5415 kg U and Pu.

At & cost of $62 per kg. for head-end and Purex treatment, the cost for this
part of one core processing is
5415 kg x $62/kg = $335,700. |

With a cost of $2000 per kg of plutonium for conversion of Purex plutonium
nitrate to plutonium’trichloride, the cost for this part of one core processing -
is

1810 kg x $2000/kg = $3,620,000.
Thus, the total cost for ome core proceséing 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 the number of years in the core processing cycle time,

‘Each time the core is processed, the diluent salts and the wranium
trichloride must either be replaced or recovered. Since the cost involved is
quite small, it will be computed on the basis that the salts ﬁill be replaced
after each core processing. OCost figures obtained for sodium chloride, magnesium‘

50

chloride and uranium trichloride are 12¢ per 1b” , 15¢ per 1b50, and $10 per kgsl.

Using these mmbers, the cost of the core material (not including plﬁtonium
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trichloride) is $1.73 per 1b of salt mixture. Thus, the cost for one replace-
ment of this mixture is
31,770 1b. x $1.73/1b = §54,900

The cost for salt replacement per year is then

$54,900 | | -
y

From the caleculation in Section 6.3.2, the external bfeeding ratio de-
creaseé by 0.017 per year. With an 80% load factor and anc of 0.26, the re-
actor consumes 217.7 kg. of plutonium per year, using the conversion factor
that 1.0 gm. Pu fissioned = 1 MiD. With a total breeding ratio of 1.09, the
average breeding credit per year is | A

| 217.7 x [§.09 - 0.5 (0.017) y:, x $15,000 .
whefe{again y is the number of years in the core processing cycle time and
where the excess bred plutonium is sold back to the AEC for $15 per gram. The

results of selecting different values for y are shown in Table 6.2.

Table 6.2

Core Processing Economic Balance

Processigg Selt Cost Breedi " Net Cost Net Cost
Cost ($10°)  ($103) Credit z§103) ($103) (mils/iovhr)

X

1 3955.7 5449 266.2 374404, 2.06

3 1318.6 18.3 210.6 1126.3 0.62 )
5 791.1 11.0 155.1 647.0 0.36 -
7 565,1 7.8 99.6 413 0.26

9 439.5 6.1 4hod W0L5 0.2

1 359.6 5.0 -11.4 376.0 0.21

13 . 304.3 42 0.0 378.5 - 0.21

15 - 263.7 347 =122.5 3899 - 0,21
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The results of the cost analysis show that it would be most economical
to process the core about once every 10 years or so. Howevef, the core ﬁssel
will be replaced every five years, entailing a loné reactor shut-down period.
Thus, 1t was decided to process the core material during this period and avoid

extre inventory charges during cooling-down shipping and processing.

6.3.3.3 Blanket Processing

To seiect the economically optimum blanket processing cycle
time, a balance was made between processing cost and the inventory charge on
the plutonium replecing 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 & total burnup of plutonium in the core of 217.7 kg, per year and
an internal breeding ratio of 0,238, the net smount of plutonium to be replaced
is

0.762 x 217.7 kg = 165.9 kg Pu/year
again neglecting the extre amount of plutonium which must be added to counter-
act the increase in poisoning with time, If an inventory of enough Pu for
three-months burnup is acquired at the .beginning of each quari".er,’ the initial
stockpile bevery quarter will be

165.9 x 0.25 = 41.5 kg Pu stockpile.

The average amount of plutonium inventory carried due to replacem’ent of
burned Pu is then

41,5 x E)J (_g_)+ 0-5] kg Pu

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

0.04 x $15,000 x 41.5 x [0.5 (_g_)+o.ﬂ,

Since the blanket contaihs 15,000 kg of uranium, the blanket processing
cost per processing for the head-end and Purex treatments will be

15,000 kg U x $31/kg = $465,000 | |
since the amount of uranium in the blanket rémains essentially constant with
time, Per year, this cost is

$465,000 x _12
Z

In addition, the charge per year for processing the blankét plutonium from
Purex plutonium nitrate to plutonium trichloride will be
217.7 kg x [?.852 - 0.5(0.017) _zé] x $2000/kg.
12

The total processing cost will be sum of the two above costs. The economic
balance as & function of time between blanket processing cost and plutonium

burnup inventory cost is shown in Table 6.3.

Table 6.3

Blanket Processing Economic Balance

2 Dmeebers (k)  Gost (103 Gost (8105) _Total @103) (o118 i)
12 103.7 62.2 832.2 8944 0.9
2%, 186.7 112.0 596.1  708.1 0.39
30 228,3 137.0 547.8 - 684.8 . 0.38
36 269.7 161.8 514.8 676.6 0.37
42 311.3 186.8 490.7 677.5 0.37
48 352.7 211.6 4124 684.0 0.38

60 435.7 2614 4454 7068  0.39

=150

Q)




The results show that the economically optimum blanket processing cycle
time is about three or fdur years. However, as there 1s 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 SHIELDIN

7.1 GENERAL DESCRTPTION
The shielding of the reactor will consist of steel and standard concrete.

In general, component shielding will be omitted; instead a compartmental shield

will be used for the entire resctor cell room. This philosophy of shielding |

was sdopted in order to facilitate maintenance and replacement of equipment.
Since the entire reactor cell room will be underground (Fig. 3.3), the

surrounding earth will provide additional shielding, however this will not

be taken into account in the calculations. The ceiling or top of the reactor

cell room will have a shield 1.75 feet thick made of steel. The sides of the

cell will have a thermal shield consisting of 4 inches of steel and a biological

shield of 6 feet of ordinary concrete. The thermal shield will be made of

3 7/8 inches of carbon steel and 1/8 inch of stainless cledding on all sur-

faces which will require decontemination. OCooling of the thermal shield was

not designed., However, it presents no problem, either air or water cooling

may be used. The thermal shield structure will salso provide>the foundation

for the steel contairment vessel over the reactor plant. The bilologiecal shield

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

52
their high costs.
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7.2 REACTOR SHIELDING CATCULATIONS

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 respect to shielding. Below are tabulated the energy ‘

groups and the neutron leakage.

Table.7.l
leakage Neutron Ener , :
(neutrons)
J(Group No, ) : E (Mev) : "~ legkage( sec )
02 2423-1,35 4 9 x 108
04 0.50-0,18 - 20,7 x 108

‘ 5 2
The leakage surface area of the reactor is 2.3 x 10 em . This results

in a leakage flux of 1.0 x 103, 2.1 x 102, 9.5 x 103, and 12.6 x 10°

neutrons
per cm? per sec for energy groups Ol, 02, 03 and 04 respectively. This leak-
age flux is extremely small, hence the gamma rays will be the determining

factor in the design of the shield.

‘ 7.2.2"Gammd Ray Shielding

Four major sources of gamma rays exist in this reactor configuration.

These sources of radiation are the prompt fission gemmas, fission product gammas,

capture7éammas, and inelastic scattering gammas.

The number and energy spectrum of the prompt fission gammas per fission
is given in TID - 7004. By using the following equation, the mmber of gammas
in this reactor system is determined:
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szz 31x10° () Plr)

The power density P(r), was taken as 167 watts per c.c. the average power density
in the core.

During operation, gemmas are given off by the fission products. The mumber
and energy spectrum per fission is given in,fID - 7004. Again the averaga‘
power density of 167 watts/c.c. was used.

Ganmas are produced due to captures in the core vessel and the lead re~
flector. The core vessel was assumed to be steel. Using the average thermal
flux in the core vessel as given by the Univac results, the cross-section for.
capture and the photons of various energies produced by captures, the mmber
of gammas‘produced was calculated, Using the seme technique, the same was dome
for the leed reflector.

Inelastic scattering gammas are produced in the core vessel, lead reflector,
end in the blanket., Since the high energy gammas are the most difficult to
shield, inelastic scatterings of only the two highest neutron\energy groups
wvere calculated. A major assumption was made concerning the energy of the
gamma produced. Sinpe very meager information exists as to the mmber and
energy of inelastic scattering gammas, it waajassumed that the Ol neutron energy
group produced a single 10 Mev gamma and the o2 group, & single 2,2 Mev geamma.
It is realized that this 1s & conservative sssumption.

.The energy spectrum of &ll gamm#s produced will be approximated by four
energy. groups; 2.0, 5.0,‘7.0 and 10.0 Mev,. The photons producediof enérgy less
then 1.5 Mev were néglected;rall othefs-wére averaged into the groups above,

A further spproximation is that the source of gammas other than core ¥ 's, will

A be takeﬁ as located at the outer surface of the lead reflector. The core was

assumed'to have self absorption and some attenuation is produced. Below are
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sec-cm2

Source

1. Prompt Fission - Core

2, TFission Product - Core

3, Capture - Core Vessel

Pb reflector
L. Inelastic Scattering

Core Vessel

Pb reflector

Blanket

listed the number of gammas produced:

Table 7,2

Gamma Ray Sources

Ene Mev
2,0
5.0
2.0
2.0
5.0
7.0
10.0

7.0

2.0
10.0
2.0
10.0
2,0

10.0

total surface sources of gamma rays.
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ﬁ;gdtons
cm<_—~ sec
3.1x 1013
3.3x 10
1.2 x 10
2.9 x 107
7.0 x 107
6.4 x 107
1.4 x 10

1.6 x 10

4.6 x 10

1.0 x 1010
2.9 x 10
L6 x 1

09
7.8 x -1012
12

: 307 x 10
Since the 7.0 Mev gammas were much smaller in mumber than those of other

energies, they were considered unimportant. This resulted in the following




Table 7.3
Total Gamma Source

.Energy (Mev) | &—_@:ZOEOISI:G
2.0 1.5 x 1074
5,0 3.3 x 1012

10,0 3.7 x 1012

The gaemmas are attenuated through the blanket of UO2 and Na, the carbon
moderator and reflector, the air(which was neglecte@, and the shield of steel
end concrete. The spherical source was converted to a monodirectional infinite
plane source and the attenuation calculations were performed using the appro-
priate equations. For a detailed analysis of the shielding calculations, see
Appendix B.

"It was found that 4 inches 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 radiation
dose less then 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 & redietion erea. This would give the per-
son a total weekly dose of sbout 100 mr/week which is one-third the maximum

pernissable dose designated by the Atomic Energy Commission.




CHAPTER & ECONOMICS
8.1 GENERAL

The reacfor power cost of 6.5 mills/kwhr as presented below, compares
favorably with conventional power cost. It must be realized however that, in
spite of efforts to be on the conservative side, there are a mumber of un-
certainties which when resolved might substantially change the totel cost of
reactor power. -

. A considerable uncertainty exists regarding reliability. The design is
basically-simplé, but the high negative coefficient of reactivity combined
with large temperature fluctuations could result in frequent dumping of the
core.

The fuel and blanket processing cbsts were based on a large projected

centralized chemical plant and might be revised upwards in ectual experience.'

The cost-of operation and maintenance are erbitrarily arrived at since

no experience is available. (See reference 56 and 57.)
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8.2 CAPITAL COSTS

The caplital costs were predicated on the following assumptions:

1) Cost of material and fabrication

Structural Steel .20 $/1b
Stainless Steel 3,00 $/1v
Ni-Mo Alloy 10.00 $/1b
Heat Exchangers 30 to 50 $/ft2

2) Cost of Installation

Piping 100% of materials and fabrication

Vessels, Tanks and Heat Exch. 50% of materials and fabrication

Pumps ' 25% of materials and fabrication

3) Overhead and Contingencies 40% of installed cost

Table 8.1 shows capital cost of equipment for the reactor portion of the

plant,
TABIE 8,1

EQUIPMENT LIST AND CAPITAL COSTS FOR THE REACTOR PORTION OF THE PLANT
ITEM DESCRIPTION " MFR. COST " INST. COST
Core Vessel 73 1/20.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
Gore Dump Tanks » 3 _

With heating 250 FT $.8,000 $72,000
Core Dump Piping i I $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"L,D. 1/2" Wall -~ $6,700 $13,400
Blanket Heat Ex. 1570-1/2" Tubes $83,200 $125,000
Blanket Pump 28500 GPM 176 FI. 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 Pumps 4-28,500 GPM 65 FT. Head  $1,000,000 $1,250,000
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TABIE 8,1 (Cont.)

. ITEM DESCRIPTION
Boiler 2400-1/2" Tubes
Blanket Graphite
Blanket lead

Blanket Uranium

Remote Repl. Eqpt.

500t Stack

Instr. and Controls

Steel Shell 60 FT, Dia 1% Wall
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.
Anmual fixed charge = Interest tax¢ depreciation = 616450

MFR. COST
$410,000

$110,000

2) Life of core, core pump, and core piping 5 years.

Annmuel fixed charge 6 +6 +20 = 32%

3) Life of reactor plant 10 years.

Annmual fixed charge = 6 +6 +10 = 22%

4) Life of turbo-generator and general plant 30 years

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

8.3.1 Power Cost 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/kvhr

1.82 x 109

INST. COST
$615,000
$50,000
$10,000
$126,000
$400,000
$500,000
800,000
165,000
$30,000
$750,000
$500,000
$300,000
$400,000

62%

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

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

3,09 x 107 x 0,32 - 0.544 mills/kithr

1.82 x 107

~160-
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3) All other reactor parts $7,520,000 based on & ten year life.

9
7.52 x 107 x 0,22 = 0.91 mills/kwhr.

1.82 x 109
4) Turbo-generator and general plant at 105 $/kw.
3
1.05 x 107 x 0.15 _ 5 55 m111s/kuhr.
7 x 103

Total power cost due to capital cost:

8-4

4.018 mills/Awhr

Equivalent capital cost: 7 x 103 x 4,018 = $187 /kw.

0.15

FUEL INVENTCRY CHARGES

1)

2)

3)

Plutonium inventory in system 1,810 kg.

Inventory cost at 15 §$/gm. Pu 1,810 x 15 x 10° « §27.1 x 106

Inventory charge at 4% = $1,085 x 103
Plutoniuwm inventory (Average)

Supply to the core 104 kg.

Inventory cost 104 x 15 x 10° o $1.56 x 10%

Inventory charge $62.4 x 103

Power cost due to inventory charges
Total inventory charge $ (1,085+462.4) x 103 é‘i,147.4 x 10°
Charge per kwhr. 1.1474 x 107 = 0.630 mills/ivhr.

7 x 10° x 260 x 103
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8.5 YPROCESSING 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 salt: $1.73/1b.

Total weight of uranium and plutoniumhin 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 processing:

15,000 x 31+184 x 2,000 = $416,500.

Power cost due to processing:
Total processing charge: 802,000+ 416,500 = 1,218,500

Charge per kwhr: _1:285x 109 _ 0.67mills/lhr.
1.82 x 10

CREDIT FOR BREEDING

Breeding retio: 1.09

Plutonium gain per year: 10.3 kg.

Credit per kwhr: lQ;i_E_li.E_lQE = 0.085 mills/kwhr,

1.82 x 102
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8.7 OPERATION AND MAINTENANCE

We assumed & one mills/kwhr power cost due to operation and maintenance.
- 8.8 COST SUMMARY

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

is shown in Tedble 8.2.

. | TOTAL POWER COSTS:
) ITEM__ : MILS /icwhr.

; . Capital costs 4,018
;e Fuel inventory 0.630
| Processing 0,670
. Credit for breeding -0.085
Operation and maintenance 1.000

) Total cost: 6,233 mils/kvhr.

»
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CHAPTER 9, RECOMMENDATIONS FOR FUTURE WORK

9.1 GENERAL

In order to determine better the technical and economic feasibility of
a fused-salt fast power reactor system, an extensive program of research and
development would be necessary. The following sections suggest aress in which
important contributions can be made toward the advancement of the fused-salt
reactor technology.

It is realized that significant technical efforts in certain study areas
mentioned may currently be in progress. However, lack of knowledge of this

work prevents inclusion here.
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9.2 ENRGINEERING

To increase the.feasibility of a fused-salt reactor for power production,

development progrems should be conducted to perfect valves and variable capacity

pumps for use in circulating fuel heat exchange loops. To improve the basis
for the use of once-through boilers, it would be most helpful to have better
data for the prediction of pressure drops and heat transfer coefficients for
two-phase aqueous flow in such bollers.

To treat the problem of heating in a volume which has gamma-rays being
produced in it and is exposed to a gamma—ray source, better 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 ébtainable would also be desirable, as waald
information on the characteristics of equipment used to achieve such high con-

centration.
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9.3 MATERIALS

Progress in the fused-salt techﬂology necessitates extensive experimental
Qork on salt systems. Fhase diagrems for ternary and quaternary chloride
systems containing fuel are almost non-existent and are badly needed. Like-
Qise specific heats, viscosities, thermal conductivities and other physical
properties of fused-salt mixtures are required to analyze possible reactor
gystems,

Information on the physical properties of high density oxide slurriés
in sodium should be obtained. The corrosion ceused by the presence of Na, 0
in such a slurry should be investigated, as should possible remedial iechniquea
such as addition of anti-oxidants.

Both static and dynamic corrosion-rate data on fused salts in various
structural materiels, especially the new nickel-molybdenum alloys, should be
taken in the temperature range from 900;1500°F. The effects of mass transfer
in heat exchange loops made of these materlals should be assessed experimen-
tally with long-time tests. Scale coefficients of fused salts in different

‘ materials need to be determined,

!
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9., CHEMICAL PROCESSING

To eliminate or reduce the requirement for aqueous processing, it would
be advanteageous to 1nvestigate‘the continuous or semicontinuous removal of
volatile fission-products chlorides by distillation from fused chloride mix-
tures containing uranium trichloride. It might also be worthwhile to consider
ihe oxidation of UCl3 and Pn013 to UCIL and Pu614 to effect a gross separation
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-
centrations on mixture properties. Although precipitation and deposition
might occur, this might possibly be employed as a method for removing insoluble
fission-product chlorides from a side-stream which is cooled and filtered.

Experimental work should be done on the aqueous processing of fuels con-~
taining high concentrstions of fission products and plutonium. Recycle of
a diluent uranium stream to.simplify the chemical and criticality problems
involved should be investigated.

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 numbers. In addition, other

. figures have been assumed with rather weak bases, due to the lack of good cost
information. Thus, further information developed in the future or new AEC
decisions may change any or all of the cost figures.

In order to determine the feasibility of a fused-salt reactor system which
will be constructed and operated at some time in the future, it will be nec-
essary to make more valld economic projections in time if any truly realistic
cost study is to be made., The ability to do this will depend largely upon
changes in the amount of govermment fégulation in the reactor field, which

are difficult to predict.
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APFENDIX A - ENGINEERING CALCULATIONS

A.1l CIRCULATING FUEL HEAT EXCHANGER

6
Total heat load® Q = 600 Mi x 3.413 x 10° BIU_ = 2.05 x 10° BIU

MER R
Fuel flow® Wp = Q = 2.05 x 107 = 34,2 x 108 b
Atxc, 300 x .2 hr
Fuel srea at 20 fps fuel vel.,Ap = W, = 34.2 x 10° _ 3.06 £4?
gv 155 x 20 x 3.6 x 10>
Sodtwm flow Wy = __ Q = 2,05 x 10° = 45.5 x 105 1b
2 At x C, 150 x .3 hr
Sodium area at 30 fps Na vel. ANa = wHa = 45.5x 106 = 8.43 ﬁ-,
}T 50 x 30 x 3.6 x 103

2

Tube area per cel% T 2 = 1.57 x .20° = .0628 inch2
2

Cell ares? At+ANa x 0628 - 4. 8+8.43 x 062 272 inch2

Ay 3. 06

Tube spacing’a =,] 2272 2 792 inch
433

Tube clearance) 792 ~ 500 & 292 inch which is adequate for welding.

Number of tubes, Ap = 3,06 = 3,500-
4
8
Prandtl ber for fuel Pr ‘
an number for elJ __P_/i. 61x1’ 103 4o8L

Rey'nolds8 number for fuel,Re - S = 240 x 20 x 155 x 10° = 15.4 x 103
M 12 x 6,72

Nusselt8 mumber for fuel Nu = .023 (Re)‘8 (Pr)" ‘= .023 x 2.190 x 1.88 = 94.8

Heat transfer coefficient for f‘.uellj =Kk M« 93 =2790 Btu/hr ft2°F
D 40, 12
2
Heat transfer coefficient for tube wall,h = X = 12 = 2880 Btu/hr ft p
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Equivalent diameter for sodium/ D, z4A=4Xx 10 = «99 inch

b x 25
Prandtl number for sodiux}Pr =C /,(z 23 x ;8,5’{3 :{ 2,6 x 1()3 =4.35 x 10'3 )
K
Reynolds mumber for sodium)Re = DeVS = ;99 x 30 x 50 = 810 x 10° | -
| 7, 12 x 1.53 x 10+

| (B
Musselt mmber for sodium Ny = 7+.025 (PrRe)*® = 74,025 x 871 = 28,8

Heat transfer coefficient for sodiumlh = _K_Nuz 38 x 28,8 = 13.3 x 103B‘bu/hr ££2°F
De »99/12

Overall heet transfer coefficientl

"1l=A A

== & 3 o + 1 = 1,25 1,11 ¢ 1 d
UEA T RA By 2,790 + 3,880 ' T13,300
u = 1,100 Bt hr £t° OF ’

Mean temperature difference,At = Ate = Atyy _ 99 _ 150 = 216°F
Lnd/ 8ty on 30

150
required tube lengt.h’ L= Q vhere '
UA A tm

A=k o 23,500 x i) = 458 £4%/1% '
L = 2,05 x 10° e 18.8 £t
- l, 100 x 458 x 216 ‘

Pressure drop8 through tubes,APT =7 72 S L ' -

2g D
Relative roughness = ,00014 and friction factor f = .028 -

£
D

APy = 026 x 400 x 155 x 18,8 = 15,200 1b/ft? = 98 ft
S bk x 400/12 ,

'Entrance and exit loss, (K +K ) _V_E =1. 400 =8.7ft
- and 7 et e
. 2g 6404
Total pressure drop through- heat §xchanger 106.7 £t
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“

Minimum allowable tube wall 1'.h.’|.cknessl9

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

28

allowable stress, S = 3,000 psiy‘,,‘,t = .5 x 150 = 0125"
2 x 3,000

Fuel hold-up in heat exchanger

Ve = NT 'TT]_J%_ x L+VP/ where plenum chambers volume

Vp=Aethy x2x L =3.06+1 8x2x 75 = 12.4 £t
> 2

Vg = 3,500 x Z_rhu%?' x 18.8 4124 = 57.3+12.4 = 69.7 £t
X

Heat capacity of heat exchanger

¢ =Vy SCp=3,50x T (.52 - .40%) x 17.9 x 498.12 = 1,840 Btu
oF

Axlhit
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APPENDIX A.2 CIRCULATING FUEL PIPING AND PUMP |
Min S.S. pipe well thicknessl? t = DP
2S
where P ‘= 150 psi and from ASME Unfired Pressure Vessel Code at 13500 alloweble

A stress S = 3,000 psi
t =24 x150 = .600" use 3/4% plate
2 x 3000

Total Pipe Wall .75 SS+ .25 Ni-Mo - 1,00

Fuel velocity in pipe Vo, = W. )
v pipe e . = 34,2 x 10 = 23,2 £.p.5.

S$E, 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 AP _ = £7° St
P 2g D

Re = DVS = 22 x 23.2 x 155 x 10> = 980 x 10°
M 12 x 6.72

Relative roughness .00007 and friction factor £ = .013

L. =
D

AP, - ,013 x 380 x 155 x 535 x 12 = 3,180 1b/ft? = 20.5 £t
6hod x 24

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

+pump = 3% 3.15%- 8' 42,5+ 4 = 20.65'

2 3

Fuel holdup in piping V_ = 20.65 1T 22 = 54.3 ft

p

4L 144
3
Total fuel hold-up core + exchanger +piping = 116.5+ 69.7 + 54.3 = 240.5 ft
Total pressure drop of core and external cooling system:
Core head loss+exchanger head loss +piping head loss = 12.4 +106,7+20.5

Hd =139.6 £t = 150 psi

Pump horsepower = Wf x' Hd 3= 34:2 X 106 X 132,63 - 3,220 HP
“V(xBBxlO .75 x 60 x 33 x 10°

=172~
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APPENDIX A.3 BLANKET HEAT REMOVAL

D]

Region 1:
L. For & core power of 600 MW operating on a 80% load factor, there will be
| 175 kg. of plutonium bred per year. Thus at years end, just before processing,
the lergest amount of power will be produced in the blanket.
In blanket region 1 (nearest core), the breeding ratio = 0.401. Thus

there are 70.2 kg of plutonium in this region.

"~ V1 = Volume of blanket region 1 - (4/3)m l:('102.8)3 - (95.8)3]
= 8.67 x 10° cc.

. (©, = Plutoniun density of region 1 = 70.2/ 8.67 x 10°
) . = 0,0810 gm/ce.
. O_:E 3 = mean fission cross-section in region 1 averaged over the flux = 3.87 barns.

= = -1
Zr1= (PRo/8) 07 = (0.081 x 0.602 x 3.87)/ 239 = 7.9 x 10 cm
From Univac data: _E]_S' = 1.28 x 1 (From Section 4.4)

Py = Power in region 1 = Vp &1 ¢ 1

5

= 8,67 x 10" x 7.9 x 10-4 x 1,28 x 1015

1

8.77 x 10 7 fissions/sec,
= 25.3 M{ '

Now from the nuclear cslculations:

. P = Power due to U(238)v fission = 15.8 M.

. P, = Total fission power region 1 = 40.8 Ma.
For & conservative calculation we will take a total power in region 1 as
- 60 Mw., This will include fissions, neutron moderation, and gemme heating.
o g
Q =60 Mr. =2,05x10 BIU/r, .- -
Wyg = Q/CPAT = 2,05 x 108/0.'3-'.:: 150 = 4.55 x 106« 1b. /hr.
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Total Na flow avea = Wyy/ChgV = 4:55 x 105/ 51 x 30 x 3600

A.t = X
= 0.826 ft.

Using 1/2% OD tubes with 50 mill walls

2

a8y = Flow area per tube = 7vD/4 = rx O, 2/4:: L4

0.000878 £t°

N = Number of tubes = Ay/ay = 0.826/ 0.000878
= 940 tubes. |
Using three rows of tubes equaliy speced we have 314 tubes per row with the
tube centers on & 97.3, 99.3 and 101,3 cm radii. In the first row the tubes
are on 0,775" centers, 0.79" centers in the second row and 0,805% eenterﬁ in

the third row. Applying section 3.3.4.1

Row r, ' U(BTU/hr-£4-°F)
1 0,500 1285
2 00445 1430
3 0.500 1285

Therefore U = Average U = 1330 B'I‘U/hr-ft%
The effective length of the tubes is eight feet.

&, = Heat transfer area per tube = (Tx 0.4 x 8)/12
0.838 £t

T

Q/UN &, = 2.05 x 108/ 1330 x 940 x 0,838 = 1969F. o
Thus the maximum paste temperature will be 196 °F above the sodium coolant
or an upper limit of 1396°F._

Region 2:
In blanket region 2, the breeding ratio is 0.404. Thus there are 70.7

kg. of plutoniwm at the end of & year of operation, .
174
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N
n

(4/3)1rl?iz9.3)3 - (115.8)%]
2.56 x 106 cc.

= 70.7/ 2.56 x 106

= 10.0 barns
(Gzlsto/;)o—f2 = (0.0276 x 0.602 x 10)/ 239
6.96 x 1074 cm™1.

= 0.0276 gn/cec.

MR
N N
n {]

Sall
N
]

- 1.69 x 10M

Py = 2.56 x 10° x 6,96 x 107 x 1.69 x 10%

3,01 x 1017 fissions/sec.

- 8.7 MW.
P - Power from U(238) fission ~ 1.1 M.

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

Q =z 40Ms. = 1.375 x 10° BTU/r
1.375 x 108/ 0.3 x 150 = 3.04 x 10° 1bs/br.

“ﬁa -

Ay

N = 0.552/ 0,000878 = 630 Tubes.

3.04 x 108/ 51 x 30 x 3600 = 0.552 £42.

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 row, and 1.66" centers in the third row.

Applying section 3.3.4.1.

Row R o ' U (BTU/hf—ngQF)
1 0.935 780
2 0.950 780
3 0.965 780
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Therefore, U = average U = 780'B‘1‘U/hr-ftt°F
The effective length of the tubes is 10".
g, =7 (0.4) x 10/ 12 = 1.045 £t2.
4T - 1.375 x 108/ 780 x 630 x 1,045 = 268°F.
Thus the maximum paste temperature will be 268%F sbove the sodium coolent or
an upper limit of 1468°F,

APPENDIX A,4 BLANKET HT. EXGR,

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

the rm:lmary'blanket coolant and Na, represents the secondery coolant.

Q = 100 Mv = 3.41 x 10° Bty
m .
8 6
Vg = Frimery Na weight flow = = 3,41 x 10 = 7.61 x 10 lbs
CPATNg;  +3 X 150 hr
= tube fl W
Ap ow area = Wy, = 7.6l x 106 - 1.38 £42

Nay VNe; 51 x 30 x 3600

where vHal was taken at its meximum "safe" wvalue of 30 ft./sec.13

Using 0.5" OD tubes on a triangular pitch with & 50 mil wall
&n = flow area per tube = __ 1T D2 =T (.422 = 0.126 1n.2= 0.000878 ft2

A 4
N = no, of tubes = Ap = 1,38 = 1570
“a_  .000878

T
No. of cells = 2N = 3140

, 6
Wyao = secondery Na weight flow = Q = 7.61 x 10 lbs
CPATNaZ br

A, = secondary Na flow aree = Wy = 7,61 x 100 = 4,22 f‘b%
©Na2 Wy, 50 x 10 x 3600
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In this cese V. was taken at 10 ft./sec. in order to allow sufficient

Na2

gpace between tubes for welding in the tube sheets.
&_ = flow area per cell = As = 4.22 x 144 = 0.193 in.2
s ——
2 2N 3140
-1&-33 & - 0096

R
0.815" on tube side $,
o;

a

Re Nal = DeVNal \
)7

= o4 x 51 x 30 x 3600 = 348,000
12 x .53

P a1 = 9%./'(_ = .1.3._"_;__223_ = .00425 a= o.¢15”
37. ' -

8 .8
7 _1_ (RePr)*” = 7+_1_ (348,000 x .00425)
l\Iul‘lal 20 ——40 ’

= 15.5

Byay = MNa1 15.5 x 37.4 12 = 17,300 EIU.
De 4 hr.ft

On ghell side-

De:AA =4x,1 x 2 = 0,982"
P w%.s) ‘

.982 x 51 x 10 x 3600 = 218,000
12 x 053

Re

Ra2

~

Pry , = 0.00425

Mo = 7+_1:%5 (218,000 x .00425

)+ = 13.5

h =13.5 x 37.4 12 = 6,170 _BIU | _ Basing over-all coefficient
Na2 .98 hr.ft° OF |

on outside areall" and a stainless steel tube.

= 2 + 2o o 1
h Al kAw = ho

2
U Nal
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17,300 x .4 12 x 12 x .45 6170

U= 1,485 __BTU

N———

hr. ft2 OF

MID = Log mean temperatm-e difference = 150°F

A = heat transfer area = Q =341 x 108 = 1530 ft2 |

varT 1485 x 150

L = tube length = ___A = __1530 12 = 7.4 ft.
N#D, 1570 x 5

Total shell ares = 2N(As+l/2.At) = 2 x 1570 (1934 ,096)
_ : 14

= 6,31 ££.2
Inside shell diemeter = 2.8, ft.
Using & 1" steel shell of 316 stainless steel
Outside shell diemeter = 3.01 ft.

APPENDIX A.5 BLANKET PIPING® TO PUMP

Pressure drop in blanket tubes for 1/2" 0D, with 50 mil wall.

N, velocity taken as 20 ft./sec.
Mean tube length = 12.6 ft.

Re = {EDeV =51 x .4 x 20 x 3600 = 233,000
V7 12 x .53

_E = relative roughness = 0.0001;
D

f = friction factor = 0.017

APy = £ Y2 L =.017x20° x12,6 12 = 40 ft.
L . 28 De = 2x32.2x .4

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

velocity head loss.
2
APs - 20 = 6.22 ft.
2 x 32,2 ,
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4P core =A%, +APB = 46.2 ft.
Pressure Drop in Core and Heat Exchancer Plemums

We took the worsf possible entrance and exit conditions - sudden expansion
and sudden contraction.

K exp = 0.55 K cont = 0.37

for 2 entrance and exit plemms

K = 2(K exp+K cont) = 2(.55+.37) = 1.8,
Ar, =K V= 1.8 _ 25 = 17.9 ft.
2g 2 x 32,2

egsure Drop in Connecti i ‘
Inside pipe diam. = 16.3"

Na velocity = 30 ft./sec.

Using commercial steel pipe
Re:1;36:30::3600::517-_-14.2::106
o53

€. = 0.00009
D

f = 0,012
total length - 10,67 ft.

AP = ,012 30° x 10,67 = 1.1 ft.
P 2 x 32.2 x 1.63 | '

Pressure Drop in Elbows !42

= 1.5 (designed so) .

= 0.00009

CUH orm UIW
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Ap. - v =07 30°
E =" 2g 2 x 32.2

Pressure Drop in Heat Exchanger Tubes

Re = L4 x 51 x 30 x 3600 = 348,000
12 x .53 : ‘ ' '
€ - 0.0001;
D
£ = 0,016 |
AP -f ¥V L =.016 _30° x 7.4 x 12
HE 2g D 2 X 32,2 X o4

Pregssure Drop in Blenket Tube Sheets

Area ratio = 0.364
Expansion Ke = 0.4

APee = ke Vo = o4 _ 20° = 2.5 ft.
28 2 x 32.2
Contraction Ke = .34
APce - ke __V2 = .34 30° = 4.8 ft.
T 2g 2 x 32.2
es e Heat Exch T eets
Area ratio = 0,245
Expansion Ke = 0,55
AP. =Ke Vo = .55 __30% = 7.7 ft.
HEe 28 2 X 32.2
Contraction Ke ='0.37
AP . =Ke __v_2_'_=.37 302 e 5.1 ft,
HE, 2g 2 x 32.2

‘AP = Total Head Loss = 144.7 ft. = 51.2 psi
Teking 80% efficiency of the pump

HP = pump horse power = 175 x 7,61 x 109 - 960
60 x 33,000 -

Thus use & 1000 HP pump.
- . =180~
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- 4905 £t.




E

APPENDIX A.6 SODIUM PIPING AND PUMPS

a) Pressure drop through heat exchanger

APHE = fzf ,}:DL where De =99 inches and Re = 810 x 10°

.012

e
Relative roughness € = .00006 and friction factor f
| )

DPE = 012 x 900 x 50 x 18.8 x 12 = 1,910 1b/ft2 = 38.2 ft.
6.4 x U.99

b) Pressure drop through piping

-.-_f_!_z_ SL  where D = 42% andBe=34.21:106
2 De e

Relative roughness €_ = .000045 and friction factor f « .01

D

AP, = 0L x 900 x 50 x,200 x 12 = 400 1b/ft° = 8 £t
6L.4 x 42

e¢) Pressure drop through boiler

Abg = £ SL  vhere Do = 2.22,Re = 128 x 10°
B 2¢ Dy

Relative roughness € = .000025 and friction factor f = .011
D

= 011 x 400 x 50 x 50 x 12 = 924 1b/ft° = 18.4 £t
64 4 X 2,22
d) Totel pump heed

38.2+8+18.4 = 64.6 £t
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APPENDIX A.7 CORE VESSEL AND REFLECTOR HEATING

Gamma Sources and Heating

!

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

(20)

Handbook. The prompt gammas were estimated using the equation:

Sv (Photons) = 3.1 x 1010 N(E) P (r)
(em3sec )

N(E) = Photon/fission of energy E (20)

P(r) = Power density (watts)
cm3
The power density was assumed constant and equal to the average of 167 watts/
en’ for temperature rise calculations.

The decay product gammas were estimated assuming an infinite operating
time ‘and the averaged power density. This gamma spectrum was also found in
the Reactor Shielding Handbook. 20

These two sources ylelded a volume source of gemmas of 77.6 x 1012

hotons, of average energy 1.33 Msv, having the energy spectrum as shown in
cm3sec
Figure 3.17.

The gamma heating in the core vessel and lead reflector due to this source

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

approximation ylelds the equation:
M
d G(F) =8, F) E x(r ) an(x e - Ari‘i
LR = 5 o) yGe) ant<, p) A, F Moy
SY ‘= Volume Source (phot.ons/cm3 sec. )
E‘, = fgn P{E; GE
J’“ P(E) dE

(=]
P(E) = Energy distribution of photons

P _n_(og ,B) = probability that a photon will be emmitted into solid angle d_n_

-182-

4




»

( 1 for spherical source.)
L7y
_ yAd
Meq _J: o e E, P(E) d4E
E

> JZ P(E) aE
Assuming a sphericel source the generation rate was found to be:

noo_ oM
G(r) = 8, E 4 e- ti‘ Me. AYH—Z /a by, {e-/fesi YA/

-,,zZAY:E (A zAv>+zz1 E (A z Ly )]

Lol Y

w =t
El = b//” e at

t=b
With the use of this equation and the estimated energy absorption coefficients

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

gammé. contribution to the heat generation was estimated. This heat generation

rate is shown as a function of distance through core vessel and lead reflector

in Figure 3.20. The averaged gemma heat generation rate was found to be 3.29 x 1013
m;ng——-v Sec in the core vessel and 1.59 x 10 3 Mev in the reflector.
v cmisec

Neutron Sources end Heating

The neutron sources were ta.ken to be the averaged integral fluxes
in & specific energy group, es given by the Unive.c calculations, ovei' 'the ‘core
vessel end the leed reflector. Usiné these a.veraged fluxes the average heat
generation rate was then calculaeted for the specific neutron interactions of
elastic scatter, capture, end inelastic sca.tter. The gamma source due to

neutron capture and inelastic scattering has been neglected.
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The heat generation was calculated for neutron capture in each energy

group by:

st O PEE o

energy transferred by neutron/incident = m
M+m

e

m

neutron mass

M - target mass
a;di) J- E,)r d3r

‘j d3r

£ - average energy of neutron in the group

ZEA capture cross-section, em™L

c

For neutron scattering in each energy group the heat generation equation becomes:

i Ef:; E) a; &) E é;s

<gs 1- (ﬁfﬁ'ﬁ’z

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

8= z € PE £ S
T E

gi = __EE.__ ..(:. R
M E (1+

TZ = Maclear Temperature(zl)

G

=1 )

1
1)
ral aﬂ Fi

*E

b

Applying these equations over the five neutron energy groups having

average energies of 3.75, -1.82, 0.92, 0.3}, and 0.12 Mev respectively gave
1
total averaged neutron heat generation rate in the core vessel of 6,36 x 10 3

Mev end in the lead refleoctor of 1.83 x 1012 Mav

cm3 sec cm3 seCo
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Temperature Rise in the Core Vessel

For reasons of simplicity in calculation the heat generation rates

in the core vessel and in the lead reflector were assumed 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

were:
(1) etx=-0,T; =0
(2) at x=1b, T, = 0
(3) atx=-2,T) = T,
(4) atxca, Kyjdl _ K aT,
dx ax

The applicable equations were at steady state:

Region (1)
2
Kl d T1 - =G
1
dx?
Region (2)
2
K, % - -¢,
ax?
The solution to this set of equations is then:
0 v
T = GX B K xt+ex (g -g,)
1 1l o= — 1 2
2Ky K K
2 2y |
T2 &) 5 (bx)

2K,

~185«

in mind the boundary conditions
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By =[ﬁ 1 1% a?o. ) I Tl G & -&& (6, -6)

La(xi-l>+b 2K, 2K1 K 2

g
1 N .

Using the previously mentioned average heat generation rates in the core vessel

and the lead reflector of 3.68 cal and 0,676 cal respectively, the

cm3 sec cm3 secC

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

reduce to:

T, = %.6x - 36,8 =
T = 46.9+22.4 X = 9,15 x°

2
(r = %)

These equations yield a maximm temperature of 109,3%F at a distance of 1.286
cm into the core vessel.

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

Using the previously derived equations for temperature in the core vessel
and the lead reflector and assuming that the heat removal rate from the re-
flector could be assumed constant across the reflector and that the interface
temperature waes equel to that in the core and blanket, a temperature distribution

could be calculated, Thus these equations are:
T, () = 48.9 x - 36,8 %
T, (x) = 25.8 X° = 131.5% +126.9
We found that the total heat removal rate was required to be 2.586 cal/'cm3 sec.

The maximum temperature in the core vessel had now been redﬁced'to 29,2°F, Tt

was determined that this caused negligible thermal stresses.
~186-
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The temperature distributions in each of the described cases are shown

in Figure 3.21 and Figure 3.22 respectively.

Reflector Heat Removal Calculation

Q = 3.80 x 10° BIU/hr
Wy = Na welght flow = _Q = 3,8x 10° - 84,500 1bs/br

cpAT «3 x 150
ap = flow area per tube = W Di2 = _m(,4)% = .000878 £t2
4 4 x 144
AT = total Na flow ares = wNa - 84,500 = 0154 ft2
51 x 30 x 3600 :
Oy
N = no. of tubes = AF = 0154 =18
g

Taking the outside tube wall temperature to be 1238°F as calculated in

section on core shell heating.

Y

Where subscript W refers to tube wall properties and Tl ﬁnd T

Na)

2 are tube

surface temperatures,

L = length of tubing = . AQ - 5 +. 1
T(Ty *'TNa) lor Dv Ahl\rani

= Lg%_legf T 05 4 12 = 102 ft.
178)7r LL’E x5. 17,350 x .4

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

Na temperature. This will lead to a conservative result,
The effective length of each tube is & 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=




APPENDIX A.8 MODERATOR COOLING CALCULATJONS

Q= 5.1x10° pro

hr
Wy, = 5.1lx 10% = 1.13 x 10° 1bs
.3 x 150 hr

ap = flow srea per tube - 0.000878 £t’

5 2
:W =1,13110 = 0208 £t
b ﬁ - 51 x 30 x 3600

L]

N - no. of tubes = ,0208 = 24
.000878

To find the maximum moderator temperature, we epproximated the rectangular

cell by a cylindrical one of equal area

T, = 4,227

1'1 = 0,25%

ro = 0.20"

6 ot
G=Q=251x10 =8.22x10"BIU__
v & hr £t3
q = heat removed per tube = 5,1 X 106 e 2.04 x 105 BIU
25 hr

Using the method derived in section 13.3.4.1

= 2 2

k = 4,227 =~ ,25 = 7.75 BTU = 1112 BIU

2 422~ L0222 254\ br in-OF
from the same section
hm = 17,350 BIU
hr ftz ‘OF
hw = 12 x 12 = 2880 BIU
~05 hr £t° OF

‘bésed on inside wall area
i = 24 + —th3 + 1 = 0.00141
U .5 x 1112 .5 x 2880 17,350 :

-188-
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U - 710 BTU
hr £4° OF
Ay = heat transfer area per tube for 10 ft effective length
- AT x 10 & 1.045 £t°
2

For a Na temperature of 1200 (this is maximum)

T2 = 1050 2,04 x 105 = U475
710 x 1.045

AFPENDIX A.9 STEAM BOITER CALCULATIONS

Q = 700 My = 2.39 x 10° BTU

hr
e = -9 ’ =Z:.29_2‘__3;0_9.=53.2x106;2§
CpNa ATNg ' .3 x 150 hr

Water inlet conditions 550°F ) 2,00 psia
Steam outlet conditions 1000°F/ 2300 psie
AH z B4 - Hyp = 1465 - 549 = 916 BTU

T
Vg0 = 2,39 x 107 = 2.62 x 100 Jbs
2 H 916 hr

Using 1/2" OD stainless steel tubes with 50 mill wall thickness
ap = flow area per tube ¢ .127 1n? = 00088 ftz_

Feed water inlet vel, = 7.5 fps

N - no. of tubes =;§§(O)V ‘ = gg_,_é_g_:g_;o: — |
Hzoa.r 46 x 7.5 x 3600 x .00088
= 2400
Using a trianguler lattice
No. of cells = 2N o 4800
Using a Na velocity of 20 fps

~-189-




|

a_ = Na flow area per cell = Na : v
s
Bia Tha & .
anb 2 s
= 2 X = QL35 m. V\ Atl.,l 14

51 x 20 x 3600 x 4800 Q »
435 = 433 &2 - J092

a =1,11"

Dividing the boiler into three distinct regions

1 ] S . 1
] ] .——-—N; bt
AO —» Sub-cooled E Boiling : Superheated ' .
: : = a—— N,
|‘ . .2 ls 4 2
Subcooled Hegting
4s a first assumption, calculate without pressure drop
t, = 550°F t, = 662°F
Py = 2400 psia Py ' 2400 psia
H1=519£1_‘! H2=718_§'_P_11 '
1b " 1lb
Qe = V¥ppo (Hy = ) =Wy, Cp (T, - Ty) =42 x 10° 2
but '.l‘l = 900°F therefore 'I‘2 = 928°F ‘ ' -
MID_ = (T, -ng) - (TL" J‘) - 266 - c 302°F | | _
. in -t 1n éé . ,
e 350
1l 1
Do, = fA = 4 x 4435 = 2,22" .
P 2571 e

Rey, = Hales Ve =51 x2.22.x 20 x 3600 = 1,280,000
H ve 12 x .53
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THa= i
Na

Nu_N =7 4 _]_._ (Re Pr)'8 =74+ _l_ (1,280,000 b 8 .00[,25)'8 = 31,5
- a 40 L0 ‘

. bpe = Mg Ege = 31,5 x 37,5 x 12 = 6380 BTU

R =42 x 4 x7,5x 3600 = 190,000 ’
®H20 el R
PrH20 = 1
. De o4 br.fto,

t

basing over-all coefficient on inside tube area

L=+ _af + 1 r_.zb_u_mzz
* U h A k‘UAw hHZO 380x‘5 012105

Na "o
. = 7.84 x 104
U = 1275 BTU
hr. £t° OF |
A= __ Qsc = 442 x10° =1150 £t.2
- U__ (MTD)__ 1275 x 302
sSC SC )
~ Lsc = Asc = 1150 x 12 = L.55 ft.
Fr D 24007 x o4
- AP _=f 1 L = ,019 ,.5 x x 12 = 2,26 ft.
- s¢ 2 g De 6hel, o4

Boiling
Assuming no pressure drop

-191-

= 0,66 psi . This is negligible and does not require'iteration.
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= 662°F

t, = 662°F ty

P, = 2400 psia Py = 2400 psia

H, = 718 BIU 5 = 1100 BIU
1b 1b

Qp = Vpgyg (Hy = By) =Wy G, (T3 - T,) =Ty Ay (MID)p

= 2.62 x 106(383) =1.0 x 10° BIO

b

Ty =T, 4 Q = 298 + 1,0 x 10° = 991°F
cp WR’ 03 X 5032 X 10
a foe
Using the method outlined on Page 701 of Glasstone's Engineering16 )
At =(anb/a +2|a, +1 (q 413
X y | g3 (Y, '
c = 120

J) 5/ WAL
; At = n + A q + 1 q .
i 12 x 12 6380 ] /n T3 A )
okl3
+ .34 (q )
/s

This function is plotted in Fig. (A-1). From Fig, (&-1)1
D, = 266 (q /A) = 330,000
Aty = 329 2 | :
(q/ ) = 400,000 |

1 , c -
A=W Gp {g 111: b/a +;L:} ln( A)’ + ,705 EI;J [(q/A) -.587 _é'm)-.%?]

-4
7-55 x 10 q
/)

x .3(7.55 x 10“’*) 1n 400 + ,705 x 5,32 x 107 x 3 (5.7 - 5,08 x 10
330 7.2

7 =4y

= 5,32 x 10

= 2390 ft2
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ORNL=1R=Dwg,. -1815 2

At =7.Sx10"h (q/2)+ .13h(C1/a)°'l‘13 (2)

1000 344,440, AP

800

600

500 i

14oo T‘

300 #

200

100 #

80 :

60

50

ho 3

30

20

1Y
14

10 1 :
3 L 5 6 8 105 2 3 L 5 6

a/A

Boiling Temperature Difference
.193- F 18\11'6 A‘l

8 100




Ly = Ap = 2390 12 = 9.47 ft.
D1 ‘

2L00m x J4
for plain HZO
AP, «1.37 psi = 198 1bs/ft°
%20 = Ya20 = 2,62 x20° x _ 1 = 34 1bs
AT 3600 2.11 sec.fte

Using the Martenelli and Nelson Equation(s)

AP =AP_ [ AF1PR\ +p G2
TPF °(A—P°_> rg

= 198(4.7) + .18 344° = 1590 1bs
32.2 o2

= 11 psi

This may be neglected for iterative calculations

[y

Superheat

Assuming a 100 psi pressure drop

_ 2750 o
t3—662F t4=1000F
Py = 2400 psia P, = 2300 psia
Hy = 1101 BIU H, = 1462 BTU
1b 1b
Qgy = Wypo (B, = By) =Wy, C) (T, - T5) = Ugy Agy (MID)gy
_ 6 _ 9
= 2,62 x 10° x 361 = 0.94 x 107 BTU
Re = 4 x 5,12 x 2,42 x 10° = 610,000
520 12 x 068
Frpo =1.48

Kug,g = .023(610,000)’8 (1.1_.13)‘4 = 1160

194~
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byao —-(—-‘*)-11-604'0 12 = 1390 —E228

hr.ft.% °F

On the Na side, the heat transfer coefficient is the same as in the subcooled

region,

1= ok + ok (,05) + _ 1 = ,00121
U .5 x 6380 12 x 12 x .45 1390

U =826 __BIU
hr-££2-°F L
(o), Ta- ) - (T3-t3) oam 50 - 1%
' In T -11_ 1n 2%

3°%

l“

Ay = 494 107 = 7650 £t°
826 x 119 ~

L= 7650 x 12 = 30,4 ft.
2,00 T .4 )

for & compressable fluid

AP =G (V, -V) +£ _LG
€ 2gloar‘li

G =¥ = 344 1bs/ft* sec.
A

V2= Outlet specific volume
V,= Inlet specific volume
f = friction factor = 015
rg= hydraulic radius = ,101 in,

Pe = Byt P = 2300 x 244 = 3.05 1bs/et>
2 FT €6 x 1291 PR

AP = 3442 (,1966) + ;015 x 30,4 x 3442 x 12 _ 63.5 psi
32.2 L x 6Lk x .10l x3.5

Thus our assumption of 100 psi pressufe drop is well within the accuracy of this
calculation,
Total length = I‘sc + LB + LSH = 45 ft,




APFENDIX B

B. Geamma-Ray Shielding Calculations

B.l Sources of Gammas

B.1.1 Prompt Fission Gemmas®?)
' 10
Npy =3.1x10 N(E) P(r) gammas '
" o’ - sec

P(r) = avg. power density = 167 watts
3
cm

Table B,l Prompt Fission Gammas

b'-ﬁnergy (Mev) N(E) Y's/fission Np -?i’-g'—f—;e:
1.0 L 3.2 1.66 x 16%°
1.5 .8 4,15 x 102
2.3 .85 bely, x 102
3.0 15 7.8 x 10
5.0 .2 1.0 x 1002

B.l1.2 Fission Product Gammas During @erat.’mon(5 3)

Table B.2 Fission Product Gasmmas

Energy (Mev) . Eyf \_@lt&::;qec ) NF_I_’X( ci; -:ssec
A 2.0 x 101° 8.35 x 102
.8 1.2 x 102 2.5 x 1012
1.3 2.0 x 10%° 2.57 x 1072
1.7 3.3 x 101° 3.24 x 1012
2.2 2.1 x 10%° 1.6 x 10%2
2.5 9 x10° .6 x 10%2
2.8 1 x10° 6 x 1012

<196~
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B.1.3 GCapture Gammas
A, Core Vessel
The average thermal flux in the core vessel is 2.2 x lC’ ' netzrts
cm~ - sec
Ceptures = ¢ Z
vessel is assumed to be iron
‘Thermal neutron ;(_ n ¥) cross-section = 2,43 barns
The energy spectrum of gammas 153(53 )

#+photons per 100 captures

0-1 Vev 1=3 35 57 _7_

—_ 10 2 22 50

A
z =4 (7,3)56(,603) (2.43)
T = 0,204 et
Captures = ¢ = = (2.2 x 10%) (.204)

= A5 x 1010 captures
cm3 - S6cC

Number of photons produced.
. 9 :
1-3Mev 110 X 45x10™° =  4.5x10 Y's
, 3

100 cm” - gsec

3-5Mev : 24 x4.5x120° = 11x1010 ' w
. 100 '
5-7TMev : 22 x 4e5 x 1010 - 1.0 x 1010 "
100 |
TMey 150 x 45x100° = 2,3x1000 o«

100
highest energy ganima ~ 10,2 Mev

‘Be lead Reflector:

12

$ = 2.3 x 10~ peutrons

en”-gec 197




Captures = & z
z=]0_/;y 0hy 30,, = 0.17 barns

Gamma Spectrum( 53)

photons/100 captures
7 at 6,73 Mev
93 at 7.38 Mev

z= (1 60
(—J!‘-ml—,(f—i) (.017)

= ,56 x 10~3 P

Captures = (2.3 x 10%%) ( 5.6 x 107%)

= 1.3 x 10° gaptures
3

cm”’-sec
Number of Photons produceds:
Assume a1l X's are at 7.38 Mev energy

then {'s = 1.3 x 10° gemmas

cm3-sec

B.l.l, Inelastic_Scattering Gammsas

1. Core Vessel

Scatterings from 01 to 02 neutron energy groups only.

¢)01 = 1.7 x 10" peuts
cn*-sec

Y 13

¢., = 2.9 x 10"~ neuts

02 2
em“-sec

221 =929 x 10~ cu™t

2% = 2472107 ™t

w]G8a -
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Scattering of 01 group neutrons produces a 10 Mev ¥ , 02 group neutron gives
az22Mv ¥ .
Number of gammas:
Ky =¢=
- 13 -3y
10 Mev Ny = (1.7 x107°) (92.9 x 10™°)

= 1,58 x 1012 J's

cll” -sec
2.2 Me 13 -3
2 Mev Ny = (2.9 x1077) (24.7 x 10™7)

= 7.16x10“ I s
3

cm” ~-sec

2. lead Reflector

¢01 = 7 x 10'® peutrons
cm’-sec
¢02 =1l.,5x 1012 peutrons
cn-gec
01
%, =52.4x107 el
%2 =160 x 107 ™t

Number of ¢ 's:

N =¢£)1»:i

@10 ¥ev Ny = (7 x 10"°) (52.4 x 107) -

= 3.67 x 10” g's

cm3 -sec

@2.2 ev Ny = (1.5 x 10™%) (16.0 x 1077

]
2.4 x 10 s
3

Cli” =3ec

=199~




3.

Blanket (First half)

¢01 = 3.2 x 101:2 neutrons
en®-sec
12 trons
§., =8.0 x10™< Bneutrons
02 cm? - ge ¢

3

zgl = 39.8 x 107 om™L

222 = 32.4 x 10~ et

Fumber of gammas:

10 Mev Ny = (3.2 x 1012) (39.8 x 10-3)

n
= 1,27 x 10 k 's

cm?-sec

2.2 Mev Ny = (8.0 x 1n'?) (32.4 x 107)

= 2,6 x 10" 's
en’-sec
Blanket (Second half)
11
501 =1,7x 10 nelzrt.rons
cm-gec

-

1
6 = 4¢3 x 10 peutrons

02 cmz-sec

Zgl = 39,8 x 10~ ent

02 3

%

4 et

= 32,4 x 10"

Humber of gammas produced:

S n 3
@10 Mev Ny = (1.7 x1C) (39.8 x 107°)

= 608 X 109 a g

3

cm -§e°
@2.2¥ev Ny = (43 x 1077) (32.4 x 107)

=1.4x100° _ ¥ s
’ cm3-sec

=200~
—
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The above sources of gammas will be broken up into four energy groups, 2,
5y 7 eand 10 Mev, All gammas of energy below 1.5 Mev will be neglected. The
location of the source of all gamxhas other than fission and fission product

gemmas will be the outer surface of the lead reflector.

Surface ares of source

3, = 12 = 4m(96.8)
2

1,18 x 105 cm

~ For core gemmas, accounting for self aebsorption:

S_=8,A (55)

a
A=
4
2,0 Mev Y 's: p = .29 et
5,0 Mev J'ss p = ,30 et
Core Vessel Volume = 751,1 cm3 3 Pb Refelctor Vol = 1.4 x 103 cm3 H
16 3

Blanket = 3.4 x 107 em”,

Converting all the volume sources to surface sources the following is obta:ﬁ:ed:

Table B.3 Sources ‘obf Radiation

< FPhotons
Source ’ Energy (Mev) . __om< - sec

1. Prompt Fission - Core ' 2.0 , 3.1 x 1013
/ 5.0 : 3.3 x 10°
2. Fission Product - Core 2.0 1.2 x 10%4
3. Capture - Core Vessel 2,0 . 2.9 x 107
5.0 o 7.0 x 107
7.0 6u4 x 107
| 10.0 1. x 108
Pb reflector 7.0 : 16 x 106
L. Inelastic Scattering : ' _ 9
Core Vessel 2,0 Le6 x 10
10,0 1.0 x 10%°
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Table B.3 (Cond't)

Source Ener Mev
Pb Reflector 2.0
10.0
2.0
Blanket 10,0

Table B., Total Gamma Source

#/Photons
Ener Mev cm2 - gec
2.0 1.5 x 10%4
5.0 3.3 x 101?
7.0 6.6 x 107
10,0 | 3.7 x 102

The 7.0 Mev & source will be neglected.

B.2 Attenuation of Gamma Reys

Since the source of gammas is at the outer surface of the reflector there

# Photons

2
cm _-sec

1&06 x 10
7.8 x 1

3-7 x 10

will be attenuation through the blanket, carbon moderator and reflector, and

the shield,
Blanket attenuation coefficient:
Blanket - 55% U0, by volume
4L5% Na
b= ]C, H ul" 7(';. /-l Na,
Volume of o, = .55 (3.4 x 106)

(0= 10,3 @

<202~
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Weight of U0, = 1.99 x 10'7 grams

2
Mols of U0, = 7.4 x 10%
Volume of Na = 1.5 x 106 cm3
= 83 am

ccC

1.3 x lO6 grams
A

Weight of Na -

Mols of Ka 5.7 x.10

Total mols in blanket = 12.1 x 10%

Mol fraction of UO2

Mol Fraction of Na = 0,39

= 0,61

Taking only U and Na as effective

2 Mev Mev
Na : p/p = 0427 cma/gm p./p = 0272 cma/gm
' 2
U wp = 0483 en/en Wp = 0455 cm /gn
Ener Mev ..NE
2.0 0.0363 em™,
5,0 0.0231 emt,
10.0 0.0185 em ¥,
@2 Mev

P =f1ky * Fotva

10 Mev
2
o = .0218 cm /en

Wp = 0531 cn’/em

u

0.5072 em™t

0.4778 em ™t

0.5576 em™L

by = (0.61) (.5072) 4\(.39) (.0363)

Fig = 0.323

Jl

= 0,300

w203

= (.61) (.1.778) + (.39) (.0231)




ip = (.61) (.5576) + (.39) (.0185)
= 0.357

For Carbon moderator and reflector

2 Mev

5 Mev
10 Mev

2 Mev
5 Mev
10 Mev

W= 043 on’/g

Wp = .0270 *
w/o= 0195
P= 1.6 g/cc
p= .07 em™L
b= W043 an™t
p = 031 em™t

Attenuation Within Reactor

Table B,5 Gamma Attenuation Lengths in Reactor

Energy Blanket Cerbon

(Mev) Blm™)  |tem) | Rt Rlea™) | t(em) |
2 323 20,5 6.62 071 33 "2.3
5 .300 20.5 6.15 043 3 | 14
10 357 20.5 7.3 031 33 | 1.0

Conversion of the isotropic spherical surface source to an infinite plane source:

= 96.5 cm

= 760 em

=204~

= (17 + 8) x 12 x 2.54 em
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The infinite plane source which will give the equivalent dose at the out-
side of the shield is:

S(lnf plane) = L S (sphere)

Ko
. Sa = 26,5 Sy
760
Sa = .13 S,
. Infinite Plane Sources
2Mev .13 (1.5x10%) =2,0x100 _xs
~ en® - sec
' 5Mev .13 (3.3 x 100%) =43 x 100 n
- 10 Mev .13 (3.7x10%) =48 x10
. Attenuation of gammas:
¢ = s,€ -f(PX)
e A. For L inches of steel and 6 feet of ordinary concrete:
| . 10 Mev Blanket - px = 7,3
Carbon - px = 1,0
Steel (Fe) - px= 2,38
Concrete ~ /P = .0229 sz/g
i P= 2.3 g/ce
~ | . p = .0528 en™t
- 6 feet = 182 em
) e = 9.6
-

?([&%) = 7.3 4+ 1,0 # 24+ 906
[
= 20.3
b = (48 x20Me

e 889 x 102 E%M
Clh =8eC \ _205’
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Blanket = px = 6,2
Carbon -~ p=¢ = 1.4
Steel - p.?l— = 2.5

Concrete- p¥ = 12,0

I(pa)= 22.1

b5 = (4.3 x 101 ( 672241

= 6.0 x 10° photons
5 paoctons
cmz-sec
2 Mev
Blanket pax= 6,62
Carbon px= 2,3
Steel px= 3.3

Concrete px= 18,6
Z(p )= 30,8

¢ = (2.0 x 10%%) -8
2

= 1.1 photons (,..14g1p16)

em“-sec
B, For steel shield (top)

Using 1.75 feet of steel (53,4 cm)

0 Mev

Wp = 40300 en®

en

b = .235 cn™t

Stesl: px = (53.4) (.235) = 12.5

Blanket: px= = 7,3
Carbon: pxr = 1.0
Zﬂx=20.8

~206~-
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¢10 = 1;..8 x 1011 e-20.8

= 550 photons
cmz-sec

Steel px= 13,1
Blanket px= 6,2

Carbon [ ) = 1.4

20,7
¢5 = 4.3 x 100 7207

= /90 pﬁotons

cmz-sec

The 2 Mev ¢'s are negligible
Dose (Unscattered)
A, Steel and Concrete Shield

Dose = (5.67 x 107°) (By) (k/0) ( ¢ ) r/nr

10 Mev
Dose = (5.67 x 10™°) (10) (0.0162) (8.9 x 10°) x 10>
Dose = 6,0 ‘mr/hr

5 Mev

Dose = (5.67 x 10™°) (5) (.0193) (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=
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5 Mev

]

Dose = 3.3 x 490 -
600 -

2,7 wr/hr

Using the build-up factor of water for that of concrete.

Dose

(For concrete shield)
Dose (scattered) = B, (pp x) Dose (unscattered) L

(1]

Dose = 5,0 (6.0 + 3.3) = 46,5 mr/hr .

For steel shield
B, (px) =6
Dose = 6(3,7 + 2.7)
Dose = 38,4 mr/hr

-
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APFENDIX C
EXPERIMENTAL TESTS
C.l1 Summary of Mslting Point Tests

Since there was no aéailable data on the melting points of fhe proposed
ternary chloride compositions a series of tests were underteken to provide some
fragmentary data. |

The tests were run in the standard apparatus., This consisted of a nickel
crucible in which the salt was placed, a nickel container (which was provided
with openings for a stirrer, thermocouple, and a dry gas atmosphere) into which
the crucible was sealed, All operations were done in a dry box,

Since there was some doubt that the M’gCl2 waes anhydrous it was purified
by the addition of some'NHAQI and heated to its melting point. This succeeded
in remgving the water of hydration from the M'gcl2 without the conversion of the
M’gCl2 to Mg0, This was determined by a petéographic anelysis,

The NaCl, was then mixed to the eutectic composition (60% mol NaCl) and

2
melted as a check on the accuracy of the equipment. The melting point was found

to be 43790 as compared with LSOOC, the literature value,
Using the above outliﬁéd procedure melting éoints vere then determined of
three salt mixtures having (1) 38.6% Mg Gl 57.91% KaCl, 3.49% UC1 3 (2)
36.36% MgCl,, 54.54% NaCl, 9.09% UClys (3) 33.33% MgCly, 50.01% NaGl, 16.66% UC1 5
The data is summarized below ass
Melting Point

Sample 4 Liguidus Solidus
(1) | 435°C 420%
(2) - 432% £15°
(3) 505°C7  440°C? £405°¢

«209=

g——-——-




C.2 Petrographic Analysis of Salt Mixtures
Petrographic analysis of the salt mixtures were done by Dr. T. N, McVey
at the Y-12 plant. Theseﬂanalysés are given beiow#
Sample one: Eutectic of MgCl,-NaCl (40-60 mol %)
Main pﬁase ﬁelllcrystallized.b One p above 1.620 and the other below.

" There is microcryétailine‘m&terial preéeﬁt and this has a generel in-

dex of refraction below 1.544 (NaCl), This suggests hydration. X-reys
show neither MgCL, or NaGl. |

Semple twos (36.4% MgCl,, 54.5 % NaCl, 9.1% UC1,)
Sample has colorless phase with brown crystals in it. Brown phase

“has p about 1,90, UCl, is higher at about 2.,04. All phases are

3
microcrystalline, Seample oxidizes in air and is hygroscopic.

Sample three: (38.6% MgCl,, 57.9% NaCl, 3.5% UUIB)
Sample has brown compound noted above., Very small lath crystals of
a brown phase are present. The sample oxidizes and is hygroscopic.

Conclusion: More Data required to properly identify phases.

These analyses show that for the Mgclz-Nacl eutectic neither the NaCl @or
the MgCl, exists as such. This is to be expected since the phase diagram shows

compound formation on each side of the eutectic. The coﬁpounds formed were

assumed to be the expected ones since there was no means of making the complete

identification.

Both samples containing the eutectic mixture plqs U'Gl3 also éhowed’qupound
formation., This was assumed since none of the original salts were recognized,
The salt mixtures were also checked for the presenq; of UQIL. 'This was not found
present as such, o )
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C.3 Sumary of Chemical Analysis of UD].3

On a wt.% basis 68,8% of the UCL, showld be U*’, The chemical analysis

3

of the UCl., 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.

C..4 GCorrosion Tests

A series of 500 hour, see-saw cﬁpsule tests containing the chloride mixture
of 33.33% MgCl,, 50,01% NaCl, and 16,67% UCl, were initiated. The tests ave
Seing run in capsules of nickel, and of inconel, The results of these tests
are‘not yet available, but are expected by September 1, 1956.

As an adjunct of this test the chloride salt mixture will be chemically

analyzed as a further check on the exact composition.

2] ]
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