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FREFACE

In September, 1955, a.group of men experienced in various scientific
and engineering fields embarked on the twelve months of study which culminated

~ in this report. For nine of those months, formal classroom and student

laboretory work occupied their time. At the end of that period, these nine
students were presented with & problem in reactor dssign. They studied it for
ten weeks, the final period of the school term. .

This is a summary report of theilr effort. It must be realized that
in so short a time, & 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 leadership of

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

the uncertainties inherent in the results obtained in terms of the preciseness
of the technical dsta and snalytical methods employed in the study. In the
opinion of the students and faculty of ORSORT, the problem has served the
pedagoglicel purpose for which it was intended.

The faculty Joins the guthors in an expression of appreciation for
the generous essistance which various members of the Oak Ridge National
Leboratory gave. In particular, the guidance of the group consultents,

A. M. Weinberg, R. A. Charpie, and H. G. McPherson, is gratefully acknowledged.

Lewis Nelson
for

The Faculty of ORSORT
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'ABSTRAGT

An externally cooled, fused salt, fast breeder reactor producing 700 MH

of heat has 'been designed utilizing plutonium as the fuel in & mixture of‘

the chlorides of sodium, megnesinm, uraniun and plutonium. Depleted m-animn
is used as the fertile materiel in & blanket of wuranium oxide in sodium.

Nuclear calculations have been performed with the aid of the UNIVAC for
nulti-group, nmlti-region 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 a conventional turbine-generator '
set into tne system design is nessible. : -

An economic analysis of the system, including est:lmafed chemical pro- --
ceesing costs has been prepa.red.' The analysis indicates that the fused salt

system of this e.tudy has an excellent potentiai for meeting the challenge of

. economic nuclear power.

Tt was not learned until the completion of the study of the severe (m,p)
cross section of the "ch_lorlne‘:% isotope in ‘the range of energles of in- -
terest.  This effect was emplified by the: lerge mmber of chlorine atoms pre-
gent per ét@"of'nln;honimn.' The reeult was.c'onsidered serious enough to-
legielate against the reactor._ | |

It was determined -however, that: the chlorine-37 1eotope had a high~

' enOugh'threehold for the (n,p) 'reaction'eo that 1t conld bevtplerated'i_n

this veacter. -The requirement for the ‘chlorine~37 isctope 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.
; =15-




CHAPTER I INTRODUCTION

1.1 *PRQBLEM
1.1.1 Purpose
The purpose of this study was to assess the technical and economic
'feasibility of a fast hreeder-power reactor, employing a fused‘salt'fuel,
based on & reasonahle estimate of the progress of the fused ealt technology;
Fuel hearing fused salts are preeently receiving consideration for high

temperature applications and in eddition have been proposed as'afpossible

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

1.1.2 Scope

A major consideration vas 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 philosophy‘necessitated |
overlooking many‘emall problems that would arise in the detailed design of -
the reactor amd power plant but provided a perspective for evaluating the
technical and economic feasibility of the entire reactor system instead of
only portions of it. _

At the outsot of the study it was determined that a breeding ratio
eignificantly less than one would be obtained from en internally cooled machine.
It was therefore decided to further restrict the study to an externally cooled
circulating fuel reactor in which 8 hreeding ratio of at least ‘one was ob—

tainable.

=16~
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1.2 EVALUATION OF FUSED SALTS

1.2.1 Adventages of Fused Salts

-The fused salts enjoy practicelly all the advantages of tﬁe,liquid
fuéled,'hamogeneous type reactor. Among_the 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
ghin control by concentretion charges;
4; -The'higher permissible fuelvbﬁrn-up.vithout the ettendant
gechmga difficulties e’:;:'perienc.ed vith solid fuel elements.
Ia eddition, the‘fneed'eeltsvdieplay a superiority over the.eqﬁeoue
homogeneous reactor in these respects.' - |
1. Lower operating preasure due to the much Jlower vapor preesure
of the fused salts; | v »
" Re -Higher thermodynamic efficiency due to the Operation at

higher temperature.w

1.2.2 Dissdvantages of Fused Salts

There ere several disadvantages which are attendant upon the ‘use
of ftsed salts for the application reported upon ‘here. Of theee, the most
prejudicial to the success of the reactor are-

1. The corrosion problem which is §0 severe that progress in

- this application awaits development of suitable resistant

materiels; »




2. The lerge fuel inventory required beceuse of thé extemal
| fuel hold-up; » \ .‘ _ | |

3. The poor heat trensfer i;roperties exhibi_tea'by the fused
salts;

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

reactor system compared to the aqueous homogeneous reectors.

1.3 RESUL'IB OF STUDY
The final design is & two region reactor with a fused. galt core a.nﬂ. a

,uranium oxide powder in sodium blanket. The fuel component 1s plutonium

with a totel system maes of 1810 kg. ’ﬂne reactor has & totel breeding ratio

of l.09 exclusive of chemical processing losses.

The rea.ctor prod.uces T00 Md of heat and has e net electrical output of
260 M¥. ‘The net thermal erficiency of the ﬁystem is 37.1 per cent. The_ steam
conditions at the turbine throttle are 1000 °F end 2k00 psi.

The cost of electrica.l power fram this system was calctﬂ.a.ted to be 6.5
mils per kwhr. This cost included e chemicel processing cost of 0.9 mils
ﬁer kwhr. ba.sed on & core processing cycle of five yea.rs and a blanket pro-

cessing cycle of one yesar,

_18_,..- .
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1,/ DESCRIPTION OF SYSTEM .

The fused salt fast reactor which evolved from this study is an exterpally
cooled, plutonium fueled , “pqwer-jabreeder reactor producing 700 megewatts of '
heat with a net electrical output of 260 megawatts.

1.4.1 Core

. The core fusl consists of a homogeneous mixture of the'thqrid'es .

“of sodium, magnesium, uranium and plutonium with mole ratios of}3NaCI'a,__2Hg012_

and_0.9Pd(U)013. The uranium in the core fuel is depleted end is present.for
the purposes of internal hreeding. The atom ratio of 0238/1-‘1:23 % at startup
16 2 to 1. _ | ‘

-Tl:'le 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 vés_sei
is fabricated of a 4 inch thick corrosion resistant nickel-molybdenun alley.

The fuel mixture enters the core at 1050°F and leaves at 1350°F, where-
upon 1t is ciréulated by pxeahs of a conmstant speed, 3250 hors'epower; canned
rotor pump throng_h ,the_ert.ez:nal_'_jloop._and.tu'be gide of a sodium heat exchanger.
Sodium enters' ‘this core heat)éxchang‘er at '900°F at a flow rate of 45.5 x 10_6, '
1bs/hr. ‘and leaves at 10500F - '

1.4.2 Blagkst =

Separated from the core by a .6g§',:1nch_ nolten lead reflector is &

stétibnary;,bl,anket offt‘éiepl_eted_}lrﬁnium‘ 'preaen_tvﬁé_ e paste of wranium oxide
powder in sodimn under & iOQ_psi ressure, :;AA_rqucgt_e‘clv"githin~'the blanket is & ,
stainless steel cled zoms of graphite 5 1/8 inches thick, The p_r_es_e.nc.e. of ,
the graphite increases the meutron moderation and results in a smaller sige
blanket. | o

~19-
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.rate of 2.62 x 106 1b§/ﬁr and producés steam at_lOOOoF and 2400 psi which L

~ and the reflector height will be read justed.

_core contents in less than 4 seconds and in additiom, to dump the lead re-’

" Blanket cooling is obtained by passing sodium through tubes located -
throughout the blanket. Sodiwm is introduced imto the blanket at 1050°F at
a flow rate of 7.6 x 10° 1bs/hr and leaves at 1200°F. The blahket’sodium,
which 1is considefably redioactive, then enters a horizontal sodiur to sodiim .

heét exchanger and heats the inlet sodium from 900°F to 1050°F. The sodimm

 from the blanket heat exchanger is them manifolded with the sodium from the

core heat ekchangervahd passes toa straight through boiler. At full loed
conditions, the feed water enters the boiler at 550°F and 2500 pei at 'a flow .

passes to a conventional turbine generator electrical plant.
1.4.3 Control
The routine operation of the reactor will be controlled by the
negetive temperature coefficient which is sufficient to offset reactivity
fluctuations due to expected differences in the resctor mesan temperature.

Reactof shim required for fuel burn-up will be obtained by variation

in the height of the molten lead reflector. Approximately one quarter of

" one per cent reactivity will be available for shim by the increased height

of the'lead. When fuel burn-up requires more reactivity than_ig availablé

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

4

~In the event of an excursion, provisionms will be made to dump the entire

" flector. Dumping the reflector would provide = change in reactivity bf.about‘

-20-
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'l.4.4 _Chemicel Processing

Chemical processihg of the core and'blaﬁknt, other than removal
and absorptiqn of fission gasés,.will take pldace at a large central,prdéesSing
facility capable of handling the throughput of about 15 power reactors. The
chemical process for both the coref;hd blankef-will embody tﬁe main features
of thelpurex type Bolvenf extraction proéess, ﬁith'diffbrent ﬁeadAénd ffqat--

ments required to make each material adaptable to the subSeQueht processing'

_ steps.

Core processing will take place on a five year cycle whereas the blanket
will be processed biiannuallj.. Ihb-plutonium pioduct’frcm the_éhemiéél.process

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

21




CHAPTER II
PRELIMINARY REAGTCR‘DESIGN CONSIDERATIORS

2.1r'SELECTION OF CORE FUEL

One of the objectives of this project was the torough investigation of
a fused salt fuel system. Preliminary discussions resulted in the decision
that a core and blanket breeding system would be investigated |

A fused chloride fuel appeared the most promising of the fused salt
_systems. The core fuel system studied was a fused Ka Gl Mg 012, UCl3 and

: ‘Pu613 salt. The results of preliminary nucleer calculations gave the fused

salt composition as 9 mols NaCl 6 mols MgClz, 2 mols UGl3 and 1 mol of PuGlB.

vThe uranium is U238.

2.1.1 Criteria for Selection

The principal properties that the core fuel system should possess

1. Low parasitic neutron absorption eross. section. -
2. Low moderating pouer and inelastic scattering.

3. Liquid below 500°C.

4. Readioactively stable.

5. Tnermslly stable,

6. Non-corrosive to the materials of construction.

7. Low viscosity.

8, Apprecisble ureniwm and plutonium content at temperatures of -

- the order of 650°G,
9, High thermal conductivity.
" -22-
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: éommon and chee r\

For fast reeotors,-the choice of salts oonteining fissionable and non-
fissionable elements 48 1imited to those in which the non—fissionable elements

have a low slowing down power and low cross eeotions ‘for- a’bsorption and inelastic

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

twenty are unsetiafectorj because of their moderating effect. This elininates
many of the common diluents which contain hydrogen, carbon, nitrogen'and oxygen,
Salts vhich ere suiteble rmclearwise are further restriotedtothose whieh

- are themodynamipelly and chemically stable. The salts must be steble at the

.operating tempereturLI of the reactor, é75 C. Alsa the liquidus temperature

¥
of the fused salt m.

ure should be; b;/low 500°G. This is desirable so that more

ructurel materia s mey be used. The higher the temperature'
\

of operation, the\lfore exotic -are th# materials required. In eddftion a lower .

operating tempere ure tends to retz‘d ‘csurrosion, The further very important '7"' .

| requirement is u:/hat the diluents mpst dissolve the necessary quantities of .
. ;

uraniwm and plx niwn to enable the system to go critical,

~ Based :yé the: a.forementio ed requirements the halide femily sppeared ' ,
the most pr ising. - Of the h 'ides » ohlorides and fluorides were the initial

cholces, T}se tromides end 1,-. ides’ we}'e eliminated because ‘of their high

-/

absorptipn cross. sections. / omine /has an everege 6" at 1 mev of 30 mb and

" iecdine has a0, of 105 nb et this finergy. .Chlorine : and fluorine have ceptured

cross seétions of 0. 74 ‘o and 0.2 mb respectively.

Originally, it appeared that there vere availahle 3 possihle fuel systems- B
one using chlorides, one utilizing fluorides snd a third using a nizture of
fluorides '_and- ohlorvides. Ghlorides presented the ohv'ious disedva.ntage of e
higher c‘apture cross .seotion. The t’lourides were detrimental because of their
moderating effect. After e 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 spectrun decidedly lowered.

Ultimately the mixed halides system of chloride end fluoride was ‘eliminated

beceuee of the high melting points of "bhe fluorides. This step was teken only
after, it had been verified that a chloride fused salt system was feesible with
respect to the nuclear requirements of our resctor. ‘

Once it was determined that the fnsed chlorides veuld be nsed ngreat
effort was expended in the selection of the pa.rticula.r salts to use. One of

the most immrtant physical properties required wvas & low melting point

» for the s88lt mixture. It was felt that a ternary system would be most suitable.

A binary uould he.ve too high & melting point while a qua.terna.ry presented '
many unknowns such as formation of compounds; and in general is too difficult
to bandle, | | S

The core fuel system will utilize'plutonium which is to be prodnced ‘in o
the blanket., Since there existe very meager in.forme.tion on plutonimn 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 aesumption for

.physiecals properties since plutoniwm and uranium salts form a solid solution.

As a prelimina.ry step, possible diluent chlorides were reviewed. Keeping

the basic requirements in mind and reviewing whatever binary phaee die.g1 amy

_were available, the following salts showed promise erIIi PrCl,, MgCl.‘,, Hacl,

KC1, and CaCly. ZrCl was rejected since it is expensive and might produse .

- the snow problem experi'eneed in otherfused salt systems. PbGl was’ rejected

since 1t 18 vory reactive with all known strnctur'al'materials. From the four
remaining possibilities, the Mg012 and Nacl salts were eelected as diluents.

2=
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~ the pictured (Fig. 2. 4) ternary diagram was drawn.

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

were the_possioilities. PuCl andUCl3 were selected because of the thermal

3

instability of the tetrachlorides. ‘Hence the core fused salt system selected

1s made up of NaCl, MgCl,, UC1; and PuCly. As vas pointed out earlier, the

physical properties of our system were investigated using NaCl, M’gCl2 and 0C13,

The PuCly 1s assumed to be in solid solution with the el

2,1,2 Fuel Properties

Since the ternary properties of the proposed fuel were oompletely un-

-”,known, extrapolations of the known binary systems (shown in Figs. 2.1, 2. 2, 2.3)

"%ggre made,

On the basic assumption that the ternary chloride system.was a simple

one and containing none of the anomalous behavior of the lmown fluoride systems,
2

.To give some indication of the melting temperature to be expeoted in

‘our system, ‘a series of melting point determinations was . undertaken. The data

recorded are sumarized below. (The test procedure is described in the

Appendix C).

MgClé> ‘NaCl UCl3 o t‘f"LiguidusA - Solidus
#1 38,6%-57.91% - 3. 9% . 43 420%
B2 36.36%-54.54%-9.106 - - 432°%C . 415%
#3 33.33%-50.011,.16.66% o 505°-41.o°c_ - 405%

Sample #3 corresponds to the composition of the fuel selected.
25—
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In conjunction with the melting point tests, a petrographic analysis was

. conducted of the erl mixture. On the basia of this analysis, neither NaCl,

MgCl,, nor UCl; were detectable in the solidfied fuel. There were two dis-

‘tinguishable phases preséht, one a colorless orystal and the other a hrown

crystal, which was not as prevalent as the oolorless ons, The compositiono
of the phases could not be determined. It was observed that the mixture was
very hygroscopic and was easily oxidized in eir.

The remaining.physical properties were estimated by analogy to the fluoride
systems which hova 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.
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2,2 SELECTION OF BLANKET MATERIAL

A uranium dioxide-liquid sodium paste was selected as ons of the pro-
mising blanket materials. Although only a 1limited amount of work has been

done on pastes, the prospects for 1its use ere very good.

2,2,1 Criteria for'Selection.

The important characteristics of a satisfactory blanket msterial
are: | ) .

1. Low cost.

2. High concentration of the fertile material.

3. Cheaply fahriosted.

Le Low chemioal processing oosts.

5. Good thermal conductivity.

6. - Low~neutron losses in non-fertile elements.

7. Low melting point.

Natural or - depleted ursnium were obvious choices for the fertile materisal.
Either material is sooeptable, the governing faotor heing the cost. At the

present time, the cost of depleted uranium is oonsiderably less than natural

| uranium and vas ohosen as ‘the fertile material in the blanket.'j'

Several blanket systems were investigated. The more prominent possi-

: bilities were U02 pellets in ‘molten sodium, UOZ powder in molten sodium, oanned

solid uranium, fused uranium salts and U02 slurries.

Uranium dioxide pellets in molten sodium appeared very promising. ﬁoz'is

unreactive with and very slightly soluble in liquid sodium. Cooling could he

accomplished by liquid sodium flowing in tubes. It was estimated that approx-
-31-:.




imately 65% of U0, by volume could be obtained. .This bianket‘ gystem was re-

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

that over 50 m..llions of pellets would be required to £i11 the proposed blanket
volume of 100 cubic feet. \ '

A solid. uraniu:n canned. in stainless steel was investiga.ted '].‘he major
a.dvanta.ges of this system is the high‘ uranium concentration. '].‘his material was
rejected due to the high costs- of fabnica.tion. Typical costs are a.bcrut $9 per

kilogram for machining‘uranimh and $7 per kilogram of uranium for the addition

of the clad.ding material.

Fused. uranium salts would have been the logical cholce since fused selis
were being used in the core. This would halve many of the problems confrodting
the desiga‘ of the system such as corrosion, chemieal pmcessing; etc. 'i&ie ‘
only fused salts which would give e sufficient coneentnatien of uranimn in the
blanket wérevuc13' or UCL, or a mixture of the two. UCly has toe high & melting
polat, while UClh proved to be too corrosive. Even the UC!II.3 - UClh_ mixture was
felt to be too corrosive for a long life system.( ) Hence this materlal was
eliminated, |

A W, slurry was rejected due to the lack of knowledge of the i)roperties
of the slurry end the low uranium concentration d.ue to engineering censidere.-

tions.

The an-‘Na. paste was ultimately selected as the best availasble blanket materiel.
. Thie system has many of the features of the U02 pellet system with the omission .

of the cost of manufecturing pellets. Although only e limited emount of work

has been done on pastes, the autlook is very promising. A UO - Ns. pa.ste offers

- low fabrication cost, ease of handling, high concentration of U02 end good heat

tran.sfer properties. From e persona.l cozmmnica.tion with B.M. Abra.ham of Argonne

National Iabora._tqry, 1t vas estimated that es mich as 80% U, by volume in

;32-




n

’11§u1d sodiuwm 1s possible usihg a centrifugation process, We plan to use a.
paste composed of 70% volume in the blanket system, The purpose of the 1liquid
sodium in the blanket is to improve thg heat transfer properties., It is be-
lieved»thﬁt Pu and U metal will be stable with liquid’sédium anpd no reaction
occurs between Na and UQZ. A major problem was the possibility of Naéo

forﬁation and its adverse corrosive effects. This was solved by the addition

of corrosion inhibiters. A discpssion of this cen be fourd 1n section 2.4.2.
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2.3 REACTOR COOLANT SYSTEM

The externally cooled system appears superior to thé :Lnterna.lly cooled
systeni for a fused. selt fast breed.er reactor.. I.n the externa.lly cooled system,
the fuel mixt:ure is. circulated through a heat exchanger external to the reactor
vessel‘. The internally cooled system has heat transfer surfaces within the
reactor vessel; and heat 1s transferred from the fuel mixture to a fluid
coolant which in turn 1s cooled in an external heat exchanger. |

2+.3:1 Internsl Cooling

A'possible advantage of the internally cooled system is the lower inven-
tory of coze fuel. However, due to the cheracteristicelly low heat transfer
propexty of fused salts, it was calculated that almost 50% of the core vo;l.mﬁe
wouléd be occupled by tubing and coolant in order to facilitate the required
cooling.  The high percentage of tubing and coolant affects this reactor system
in twn ways; First t.he. parasitic capture is g’reatly increased and secondly,
the neutron energy spectrum is decid.edly lowered. The above effects result in a

reduced b*eed.ing ratio in the core.

2.3.2 Ehcte.i'nal Cooling

The externally cooled system was selected for use in the reactor system
mVést;gated. 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 int_érnally cooled system. This higher breeding ratio is obtainable
because of a.bout715$ greai_‘.er blanket coverage, less parasitic capture and
higher net_ztfon energy spectrum. Another factor in favor of extemal.coo;ing

i:_s ‘the ease of replacement of equipment in case of a heat exchsanger fallure,
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2., MATERIALS ‘OF CONSTRUCTION

-The choice of materials of construction in most reactor syst;ms is
quite difficult because‘of the lack of corrosioﬁ data in the presence of
radiatidn fields, In spite of thellack‘of'technolqgical development, an effort
was made to select the materials of construption for this reactor gystem.

The core vessel will Be a nickel-ﬁolybdenum alloy, which is presently
in the development stage. For the other parts of the core s&stem such as the
primary heat exchanger and riping, a nickel-molybdenum alloy cladding on A
stainless steel aﬁpears to be satisfactqu, The blanket system will utilize.
stainless steel throughout. 'As far as the reactér coqponents gd, it can be
generally said that all the components in éonfact with the fused salt shall
be nickel-molybdenum clad or constfucted of nickel-moly and all components in

contact with sodium are to be constructed of stainless steel.

Tests are now in progress ét the ORNL Corrosion Lsboratory to obtailn

‘some data on the corrosion of thg fusedlsalt-of this system on nickel and

inconel at 1350°F.
2.4,1 Core System - -

Since the operating}temperaturé.ofaths3£usedisalt shall be as hiéh
as'1350°’F,- the choice of construction ma_terials-:w_ap ‘severely limited. A further
limitation vae imposed“by_the_apsence:of'qorﬁ¢sion data of fused chlorides ,
ori structural metals. 'The possibilities which existed were inconel, nickel- . |
moly clad.o#istainlesq, héstelloyfmetals; or;nickglemolybaenum'alldys'qf the
hastelloy tyﬁe vhich‘curfently are;undgr,dévéloﬁment, |

In selecﬁihg the best material,_muchdépendence was placed on tﬁe individual
chemical and physical prépertiesjof thgge_pOssibilities with respect‘to the
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fused chloride fuel, | o

" The hastelloy metals were rejected due to the inability to fgbricate the
material because of brittlemess. Inconel was eliminated for the ﬁos_t part
because of its knovn diffusion of chromiuwm from the alloy in fluoride alts.
In additibn the corrosion data of ihconell in the teinpe_r‘ature ré.nge of intereét |
1s lacking. It is felt that these disadvantages overbalance the high tech-
z;ologiéﬂ devaiopnent end good physical jroper;ti'es‘ of inconel, '
| The use of nickel-molybdemum alloy eledding on stainless steel appeme very

- favorsble 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

speciel equipment. On the basis that this alloy will have the properties as

described, it is being recommended for the core system.

" 2.4.2 Blanket System

. The construction material for all equi;meit in contact with the
sodium such as is present in the blanket will be stainless steel. Since the
blanket is to'be composed of & UOz-Na paste, it was feared that the sodium
would become contaminated due to the formati.?n of Kazo in fhe presence of
1_‘ree oxygen. At elevated temperatures, Na.20 is vél;y corrosive; it reazcts with
&1l ‘the common metals, platimm metals, graphite and ce’ramicé. The relafive
degree of reactivity with the structural meteriels wp‘uld be the following,

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

s believed that Nazo would be strongly sbsorbed on most metal surfaces.

It is possible that since Ka,0 1s “known to ect as & reducing‘agent for

. some metals and an oxidizing agent for others, ‘the presence of scme material

will reduce Ne 0 to Na before it attacks the metal, Such & corrosion irhibitor
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would solve this dilemma. The two common reactor materials, uranium and
beryllium could possibly serve as the 1nh1b1tor. Thermodynsmically, each reacts
readily with Ne 0 to form the metallic oxide and free sodiwm. At 500°C the
frees energy of formation for beryllium and uranium are -46 Keal per mole and
=75 Keal per mole respectively. . ‘

The rate of thess reactions has not been investigated 'ei:oept ‘lndirectly
in a series of corrosion tests at KAPL5’6. These tests'show thet both Be
and U are corroded many times faster than any'of the structural mstals tested,
The metals included nickel, molybdenum;'inconel, monel, 547 stainless steel
and 2-9 aluninmum, .Thus the addition of:either pure unanium or beryllium to
the Uoz-Ha paste should offer e high degroe of resistanoe to the possible corro-‘v

sion by the Na20 which will be formed during irrediation.

2.4.3 Reactor Components

In goneral, 211 components in contaot uith‘the fused chlori&e fuel will

be constructed of nickel moly alloy clad stainless steel, All reactor components
in contact vith sodimn will be constructed of stainless steel. o .
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| CHAPTER 3 EKGINEERING
3.1 ' GENERAL

The reactor proper, &s shoun.in'Fig. 3.1; is a 120—inoh 0.D. sphere

consisting of & blanket region and & core, The core is a 73%~inoh 0.D. sphere

with a %-inch wvall designed to wvithstand a differential pressure of 50. psi.

The core inlet nozzle on the bottom and the outlet nozzle on the top are -

‘reinforced. The inlet has a series of screens to distribute the flow thru the

" core so that a scouring aotion is achieved.

Immediately outside the core shell is a one inch reflector of molten
lead in s ibinch stainless steel oontainer. The f£111ing or draining of the
molten lead 1is aocomplished by pressurized helium.v | o

The first blanket region 18 2 3/, inches thick and is followed by 5 1/8
inches of moderator, another 5 5/16 inches of blanket and finally 8.
inohes of graphite refleotor. .The blanket is a uranium dioxide-sodium paste _
and the moderator is graphite clad vith 1/8 inoh of stainless steel.

Thevrefleotor, 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 & single pump and external heat exchanger with & minimum of

- piping. The cooling circuit is fabricated using all-welded consiruction. 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'blankst heat output is approximately 100 megavatts and 1t 1s removed

by circulating molten sodiun which enters the blanket at 1050°F and leaves

~38-

L]




.‘. © [ 4 , ' . ‘ * - . . ) .-
3
| ORNL LR Dwg. 15226
HAN G ERS
g B
v /N
-;‘ i
L -
Bls v
) . L : . ) : ' 1= Tt~ T TN )
1570 TUBES. R s N » 240D,
WALL TS FT - S0L1D \ \$oFT /| FITTINGS
R SUPPORTS \ | el A _

E*Po -S T ]

FIGURE 3 | ‘- - 1 12" ScALE Yg =120"




_ will be constructed of remova‘ble steel panels. The -reaotor room and the base--

‘core heat exchanger sodium lines and the resulting 42 inch O.D, lines are con-

at 1200°F thru tubes imbedded in the blankst as shown in Fig. 3.2, As

the core, the blankst cooling- system' has' »ne pump, one heat exchanger, welded

piping and a. pivoted expansion joint. - ' o .
The combined core and blanket system has three so0lid leg aupports on the

'fblanlnet. Constant load hangera will carry the remaining load at four lugs

prorvided at the_ upper core elbow, at the core heat exchanger an_d at eaoh end

of the blenket heat exohanger.‘ | | -
The basement floor of the reaotor building, ‘as shown in Fig. 3.3, will

héve a series of dump tanks for the salt. The reactor floor and the main floor

ment room will be below ground level and contained in a steel 1lined concnete structure.
The reactor building main floor will have television faoilities and a

remotely operated crane and will be e.nelosed in & 60 ft, 'diameter, one inch

thick steel shell, The steel shell is & aafety 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 h'ave,two 'lar.ge airtight ' .

" hatches fo'r equipmment removal.

The blanket heat exchanger secondary sodiwn lines are siamesed with the

nected to the shell side of a once-thru boiler.

The U-shaped boiler ard the sodium pinnps-are located in a shielded boiler

room between the reactor building and the turbo-generator portion of the plant.

_ The l.ayout -of the turbo-generator and auxiliariea follows the conventional
power plant design _with two exceptions: an outdoor turbine floor with a gantry
crane and plaoenent of the dessrator on the turbize floor because of the
eliminati'onoi‘ the toiler superstructure.

. =40-
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The centralized control room is placed betwoen the turbo-generator and
reactor buildings and above the boiler room. The stack, which is used for
the dispersal of reactor off gases after & sufficient hold-up time to reduce

the radiosctivity, is placed near the reactor building.

3.1.1. Properties of Fused Salt, Sodiwm Coolant, and Blanket Paste

The engineering properties of the fuseti ':salt, sodiun coolant ‘and
the UOx-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. Gorrelations
« were not avallable for the properties of thermal conductivity or visocity of -
~the fused salts,
; | — The variation of the density, specific heat thermal conductivity, and

viscosity of tsrodi'um2

are given in Figures 3 5, 3 6 3.7 and 3.8 respectively.
The density of" 1702 vasl-teleen as 10 2 gm/co end it was assumed that this re-

*

mained constant. The specii‘ic heat4 of U02 was taken ast

Cp = 19,77 +1,092 x'107T - 4.68 x 10-5 r2 (Gal/mol c)
(Figure 3.9) . .

- The . thermal conductivitys of UOZ is given in Figure 3 10. :
The properties of the paste were then dalcule.ted using a mixtm-e of 70%

U0,, 30% sodium by volnme. '

i f:'m Crat ooz 6302 ~ (Figure 3.11)
. Cp « Wy, OPy, +¥yo,CRyg, . (Figwe 3.12)
' , ko vuof'uo{'” Vi ¥ - (F -"_-8111'°§ '{3._.:13)

vhere: V - Volume fraction

V= Weight fraction :
' ~,3-
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3.2 REACTOR POWER

The reserve capacity of an electric power syotein 'averogos about 10 per .
cent of the sysf,em load, To ‘moka -such & system reliable, no single unit should
exceed 10 per cont, of -the system capacity, Since most _.of the. systems in this
country are less than BOOO“MW capacity, turbo-generator units in excess of
280 M4 have not been built yet. |

A reactor supplying steam for a single tm-bo-genera.ting unit with a

system thermal efficiencyof 40 per cent would be sized at 700 Md of heat, or

also 260 MW net electric output because of auxiliasry power requirements of 20 MW.
A system larger than 700 MW/ of heat would require more than one circulating

fuel heat exchanger. Two fuel heat exchangers would require manifolding and

other flexibility provisions which would result in a grea‘t increase in fuel

hold-~up. ' Furthermore, too high a power level would involve such a large initial

investment that the risk of construction would not be ﬁmanted.
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3.3 DESIGN OF HEAT TRANSPORT SYSTEM

Reference is made to Fig, 3.14 and Fig, 3.15, the Heat Balance Diagram
and the Salt, Sodium, Steam, and Condensate Flow Diagream, respectively. '
The optimm design was approached by careful selection of aesign points,

Single wall tubing was assumed throughout vhich is in agreement with the:

‘present trend of design. Small leakage of water or steam into the sodium in

the boiler is not expected'to cause serious difflculty(lg);A"Detection may
be accompllehed by providing a gas collecting chamber and off-take in the
sodium retnrn line, Build-up of NaCH in the sodium system should not be
difficult to follow and replacement or purificatlon of the sodium can bs under-
taken as it may appear necessary, B

The influx of large'amounte of water or steem resulting from a major
fallure would dangerously increase the pressure in the shell; and elthcugh
this possibility is remote, safety valves will be provided. |

 Excessive fluid velocities result in erosion, corrosion, vibration and

increased pressure drop. Based on past exneriencesxin'the field)the maximum
velocity was teken as J900/3T‘ft,/sec.,,uhere is the specific gravity of
the fluid. :“ | | I

Fluid-fmel reactors, especially those with external cooling, are part-

icularly liable to be shut down for repair or replacement of equi;nmnt(lj)

It is highly desirable therefore, that all components be as simple end as de-

pendahle as possible but also able to be speedily replaced or remotely main-

_ tained. It 1s considered undesirable to install valves in the large lipes be-

tween the core and blanket heat exchangers and the pumpe to permit shut-off
of possible spare equi;ment or to regulate flow. These valvee vould be large,
would operate at_high temperatures and uonld ‘handle corrosive fluids. It 1s
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'more probable that these valves would fail before trouble ie experienced at

the heat exchangers or pumps,

Since no maintenance can be attempted with radioaotive fluide in the re-
actor and since it 1s not expected that any reactor part uill-last_five years
without requiring replacement or repair, prorieicne wili be made‘to:inspect
all components.thoroughly at least every two years, i.e., when retlacing the

core heat exchanger.

. 3.3.,1 Circulating Fuel Heat Exchanger

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

heat exchanger. The éainch 0.D. tube size was selected as a practical
| minimam. For sizes less than + inch, considerable difficulty vould 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 usefulilife;' _

For the.seccndary heat transfer fluid, a‘medium was required with geod o
heat transfer properties in order to reduce the externaljhold-upvand with high
boiling point‘to permit operation et high temperature and low pressure to_re- '
duce capital costs.

Sodium, lithium, NaX, bismuth, lead and mercury were considered as heat

Yransfer media. Sodium was selected because of its good heat transfer pro—

porties, high boiling point,_low.coet,vavailabilitj, comparative ease of handling

and ﬁide technological exﬁerience._ The disadvantages of sodimm are-its violent
reaction with water and the cataetrcphic_corrosion rete of Na,0.
_ The foliowihg oonsideraticnswyere"used to:set the temperature limits for
the fluids entering and leaving the core and heat exchangers.
-58w - |
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The coolant temperaturewiafnot to be less than the'liquidus'temperature‘
of the fuel, 1.e. 870°F, ‘The‘temperatures of the fuel end coolant leaving the
core and heat exchanger were:set by economic,'ccrrosion”and engineering con-
giderations. Low fuel.outlet'temperature would lead to excessive heat ex-
changer surface which would adversely affect the‘fuel inventory and increase _
the possibility of~-"~mams'-_a.transfer. : High fuel outlet temperature would increase
tne corrosion rate, require higher pumping power and increase the thermal v
stresses. Low sodium outlet temperature would result in excessive thermal
stresses and lower thermal cycle efficiency;’ High sodium outlet temperature
would have the same result as low fuel outlet temperature.

The fuel outlet temperature was'eet”at 1350°F to ensure reasonable equip-
ment 1ife and the maximum temperature differential between fuel and sodium was :
set at 300°F, which is in sgreement with general design practices.

~ The heat exchanger is a single pass counterflow exchanger approximately
50 inches in diameter and 20 feet 10ng with 3500 tubes, All tubes will be
mede from a corrosion resistant nickelqmolybdenum alloy (ebout 80% Ni and 20%
Mo). The exchanger shell will be conmstructed 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 irculating Fuel Piging and Pump

The pipe eize selected vas 24-inch O.D. uith a one-inch vall thicknesa.

,To reduce cost, the pipe material uill be stainless steel clad on the inside

vith & corrcsion resietant Ni-Mo alloy. 01adding thickness wvill be i-inch to-
provide & corrosion allowance fcr five years life. To allow differential thermal
expansion, a pivoted expansion joint is'ﬁrcrided.

2=




A single pump arrangement was selected because two circulating fuel

pumps would require two check valves, four shut-off valves and added provisions

.for flexibility. This uould increase the external hold—up_and because of valve

stem leakage probabilities,_would lower the svstem reliability. However,pif =
large, reliab le valves become availablej it'might be advantageous to have the -
added flexibility afforded by,nultiple.cooling,systems. This is a matter for
further developnent |

A canned—rotor pump was selected instead of a shaft-seal pumnp due to the

_ greatly reduced possibility of leakage. The fuel pump will run at constant

speed because of its eanned—rotor_construction. A variable speed pump would =

be preferable but this also requires further develorment.

'-‘3.3;3 Blanket Heat kixchanger

The blanket hedt exchanger 1s a»sodium to sodium exchanger. constructed
of stainless steel and whose mean temperature'difference is 150°F. lt has
1570 tubes of 3-inch 0.D, which are 74 feet long with 50-mil walls.

It was deened 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 blankel coolant was deemed advisable since the core second- .
ary coolant and the blanket secondary 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 1050°F), thus matching the core sodium. " C o -

. The breeding blanket is 4n the form of two separate spherical annuli.




The first blanket region 15'7 cm. thick and has 60 M{ of heat generated in it.

The second region is 13.5 cm. thick with 40 Md genereted in it. -The heat flows

by conduction through the paste to the wetted tubes uhere 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 radii 38.4, 39.1 and 39.9 inches. Each row contalns
equal numbere’of tubes which have an effective length of 8 ft. Under'theee |
conditions, the maximm possible paste temperature will be 1396°F which is well
below the refractory temperature of 1832°F. _ N

In blanket region 2, there are 630- % inch stainless steel tubes whose
centers 1ie on circles of radii 51.8, 53.5 and 55,3 inches. Each row contains
equal numbere.of tubes uhich'nave an effective length‘of'lb ft. The maxinnm
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 evail-

. able volume while in region 2 the tubes occupy less than 15 per cent of the

available volume,
3.3.441_ arame Stud la ‘e eet‘Tr sfer System
For efficient cooling of the blanket we expect to match the

cooling ‘tube density to the radial distribution of heat generation.

It will be assumed that the baeio cooling tube lattice arrangement oan

" be simulated by concentrio cylinders. The generetion rate in a cell will be

taken as constant and the Na-U02 paete vill be considered etagnent The pro-
perties of KNa and Na-UQz paete ere graphically presented in Section 3.1.1.
Taking a heat balance at any radius r where r]'<r (rz
V(r) =kp Alr) O r
r :Hﬁig




where o o _ T, = inside radius of tube
' ' ry = outside radius of tube

v(r) :’rf(r22 - r2) L - r, = radius of cell
Alr) = 21r L
thus, _OT = __G rp? - r
. ST 2 kp T /
2

(T-T4) = G [r2 In _r .-. r? - rl

\-/

In the steady staté,
Q=GVy =k Ay (T5 - T;)
2

2
ka T2 ~T1

I ‘ : - ry r2’21n__r_2' -r22 --»rl2 .
; v _ 'kP T} 2

basing over-all coefficient on inside tube-&rea(ll*).

;].-_=.AL._+ Ag+1

Uy kA, b
kp = 17 _BIU '
hr—£t-CF

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

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

] ' ~ For 1/2" 0.D. tubes with 50 mil wall

Ry, = 348,000 Pry, = 0.00424
. hy = 17,350 __BIO___ |
- hr. £t2 OF

‘ o A S o u(.05) = .000303 -

. k"A" 12 X 12 X 0A5
For 3/4« (o) tubes with 65 m11 E
Rey, = 529,_000 Prna - .00424

| b = 14,700 _BTU
I | . hr. £t2 °F

b2

&




- ORNL-LE-Dwg.~18138

1800

. Pigure 3,16 K
E: : A OVER-ALL HEAT TRANSFER
H _ COEFFICIENT IN PASTE
H : . " BLANKET VS,
1600 | EQUIVALENT TUBE CELL RADIUS
1,00 3
~ 1200 -
OVERALL it
HEAT HH
TRANSFER FHH
COEFFICIEN?
BTU/hr-ft°F
(BTU/br-L47F)
800
600 W i
. hoo HE ; IR
S wx..‘l_?. Seanray
200 : T
0 : : _ H TR H
EQUIVALENT TUBE CELL RADIUS, (in,)
“63e |




kA 12x12x .32

For 1® 0D tubes with 85 mil wall
ReNa = 720,000  Prg, =.'00424

hy, = 12,000 BIU
hr. £t° F

A5 . ,415(,085) = .000535
KA, 12 x 12 x 458

3.3.5 Blanket Piping and Pump

The total pressure drop in the blanket is 145 ft. of head. Thié.
‘includes the losses through 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_ﬁnd heat exchanger tube gheets.’

The blanket sodium pump is a rotary pump with a capacity of 18,700 G
of sodium agaeinst 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 vesse1,
under & helium pressure of 100 psi., prior to the reactor start—up. The blanket
vill be completely filled.and any expansion of the paste will be taken ub in
the blanket'expansionlfank.

To'eﬁpty the‘blanket, part of the paste will be forced out, using 100 psi.
heliwm. Pure sodium will then be used to dilute»and vash out the remainder
of the paste. When enough sodium 1s added, the paste will assume the properties

of & slwry and will flow quite easily,

. -"6[,-
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3.3.6 Sodium Piping and Pumps

The pipe sizes selected ere 18-inch 0.D, for the blanket heat ex—

changer and 42-inch 0.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,

- Cenned-rotor pumps were selected in preference to the electro—magnetic

. pumps because of their higher efficiency. The total flow is 114,000 Gmm. which

requires at leaét four pumps with 28,500 G, and 65 ft. head.

Provisions are mads to drain'énd storé all sodium in the event of a shut~
down. A one-foot thick concrete shield surrounds the sodium system including
the boiler. The sodium pumps will be shielded so that they can be drained and

replaced individually without danger to pefsénnel.
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3.4 SALT DBMP SYSTEM

‘A galt dump 'system_' ie provided consisting of two valved drain lines, one

for the d‘ore and one for the heat eichangor an_d‘ piping. The iines aré 12 inches
aﬁd 8 inches, respect:lvel'y', and are sufficient to drein the entire syétem_in :

four seconds. , ,

The dmnpvtanksvvill have a combined capacity of 10 per cent in excess. of
the total circulating fuel volums, The» tanks will be compartmeptﬁlized to |
keep the fuel suberitical; and cooling provisions will be provided to remove
decay heat, Ele‘cfrio heating elements will be included to prevent the fuel
from ’~soiidify‘ing. . |

The fuel will be removed from the dump tanks by a 5 Gm., 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 cir-

culating fuel system, i.e., nickel-molybdemm alloy cled stainless steel to

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

ln this system, as in most reactor systeus, the internal generation of-
heat in thevcore vessel due to gamma and neutron interactions with the'metal
wvas found to be appreciable. The energy sources considered for this.calculation
uere prompt fiseioniéAmmas; decay product gammas, and neutronS'of energles
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-molybdemm 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 uere oalculated using the integral fluxes from the Univac
calculations uith the general equation'- '
' , G = Z(E) }_(E) E 5 : j (Calculations in Appendix A-7)

uhere‘Z(E) = throsoopio cross-eection for the specific interaction

(f(E) = The average flux - jﬁ)(E.r) d3
o 5 e

" E a Average neutron energy ‘
4 = The average.energy-transferred/:interaction. :
The sources ylelded a total averaged heat generation rate of 9.65 x 1013

Mbv/cm -sec in the core veasel and 1,77 x° 1013 Mev/cm -gsec in the lead re-
-67-_.
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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 interactions. Using these aweraged heat

generation rates a maiimum temperature rise of 109,3'°F was estimated for the
core vessel'(Fig. 3. 21)A' Siucevsuch a temperature rise was believed to cause
abnormally high thermal stresses, it was decided to cool the lead reflector.

This gave & maximum temperature rise in the core vessel of 29, 2°F (Fig. 3.22).
This was estimated to yield permissible thermal stresses.

In all'these calculations the core vessel was taken to be 1.3 cm. thick;

and the lead reflector, 2.5 cm. thick.

In order to maintain the 29,2°F temperature rise in the core shell asd
to'minimize the therual stresses, 1t was postulated that both surfaces of the
core vessel be maintained at the same temperature of 1350°F and that heat be
removed from the reflector to aeeemplish this, It was also postulated that
both surfaces of the reflector'are at 1350°F. Using these conditions it was
found that 5.2 x 1013 Mev/ema-sec uill be removed from the lead reflector.

Q = 5.2 x 10'3 Mov/en3sec = 3.80 x 10° BTUAr. - 1.11 Mi. -

Using a row of blanket cooiing tubes we have a sodiim flow of €3,500 1bs/

hr. through 17 1/2-inch 0D tubes with 50 mil walls. The heat transfer eal-

eulations show that this 1s more than adequate to transfer the heat.

(Appendix A-7).
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3.6 MODERATOR COOLING

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

3.5x 1012 mev. ___ which ylelds a heat generation of 6 15 x 1018 mev. _ or
cc.-86C. gec.

3.36 x 106 BTU  1in the entire volume. With this heat generation rate, a aodium
hr.

flow of 1,13 x 105 lbs. is required to maintain the maximm temperature of the
hr,
graphite at 1325°F The aodium flow rate 1is aooomplished in 25 %-inoh cooling

tubes uith 50 mil walls.

3.7 ONCE-THRU BOILER

The once~thru boiler is well auited to the high temperature reacter plant,
since load conditions can be controlled by varyiné the flow of water. If the
reactor follows its load demand ue11; it can he controlled directly hy'the
turbine throttle. Thus, operation of the plant 1s greatly aimplified._ However,
the once-thru boiler is not yet uell developed and in this case is operating
very near the burn-out point, This is perhaps one of the ueakest points in the
design. It definitely_requires further study_and possibly another intermediate
sodium loop to lower the inlet sodium temperature to the boller. This type of
boiler requires very pure feed water of less than é—ppn impurity present.

The boiler 18 in the form of = ehell and tuhe, oounter current, one-pass

heat exchanger vith the-ZLOO-psi steam on the tube side. There are 2400 tubes

s

which are iainoh O.D., 45 ft. long, with a 50 mil wall The entire hoiler vill

be made of - stainleas ateel uhich is resistant to attaok by both hot. sodium and
super heated steam. The tuhes are in a triangular lattice with a 1 11 inoh

pitch vwhich 1eavee suffioient room for welding the tuhes into the tube sheet.

' The {nside shell diameter_is 4.9 ft,, and 1ts wall thickness 18 one inoh
vhich 1s sufficient to hold the sodium, The overall ghell length is 50 ft.
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which includes two 2% ft. plemms. The boiler vas made into a U—ahape in

order to reduce the size of the boiler room.

The design vas accamplished by breaking the boiler into three distinct

regions-a aub—-oooled reglon, & boiling region and 8 superheated region. Thie -
is only an approximation as it is mainly 8 philosophioal point as to where sub-

oooled boiling ends and net boiling begins, The heat transfer coefficlents .

~ were caloulated using the Dittus-Boelter equation

(16) was uaed in the boiling region..

In oaloulating heat transfer coeffioienta s use was made of inlet velocities
only. This is clearly an undereatimate, and’ the excess eurfaee ehould account
for the resistance of the scale to heat transfer. .

At part-losd operation, this boiler tends to produce steam at higher then

(1)

y and & metnod of J. A.

design temperature. The steam temperature to the turbine will be maintained

constant by attemperation end variation of the boiler feed water temperature,

Sodium Flow Rate -

~ Over-all Coefficients

Sub-cooled Region 1000

. Length Sub-cooled Region - ‘2414 £%,
Length Boiling Region 4.6 £%.
Over~All Coefficients ‘ x S

Superheat Regien 560

Length Superheat Region =~ = . 38 ft.

6=

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

table.
| | Tebls 3.1

" Boiler Characteristics at Part-Load Operation
Fraction of Full Load ¥ 3/4 11400
Steam Outlet Temperature - - 1080 F . 1067 F ¢ 1000 F 6
Vater Flov Rate 1.23.x 10 1bs/hr 1,88 x 10° 2,6z x 10
Sodium Inlet Temperature 1085F - 10820F 1050°F
Sodiwn Outlet Temperature 1010°F 970°F 900°F

53,2 x 10° Tbo/br 53.2 x 20° 53.2 x 207

160 1278

3016 . 4055
755 947
- 705 826
35 3044
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3.8 AUXILIARY COOLING SYSTEM

If the elestric load is dropped to zero, it becames necessary to remove
delayed heat from the reactor core and blanket, An auxiliary cooling system
is provided for this, conmsisting of a separate sodiwm circuit, a sodium-to-air

heat exchanger and a pump.
3.9 JURBO-GERERATOR

A tandem;compound, triple flow, 3600 rm, turbo-generator with initial
steam conditions of 2400 psig. end 1000 F was selected. Since a straight-thru
boller is being used, there is no reheat. The latter geﬁerally}is not too
desirable for nuclear power plants because of fhe gttendaht complicated controls.
The feed Avater cycle will consist of six heaters witﬁ the deaerator in |
number three place. The final feed water temperature is 550°F. Three oondgnsate
and three boller feed pumps are specified to insuré the relia'bility of the unit.
The thermal efficiency of the cycle i? estimated to be 40 per cent. Auxil-

iary power requirements are estimated to be seven per cent,




- CHAPTER 4 NKUCLEAR CONSIDERATIONS

4.1 SUAMRY OF STUDY INTENTIONS'

At the onset of the projeot, two cooling systems for a fused salt reactor

were considered One vas an internally cooled system in uhioh the coolent,

vliqnid'sodinm; weas passed through the core of the reactor. The other was an

externally cooled reasctor in which the fuel vas circulated through a heat ex-
changer enternal to the core. It was felt that - the larga fuel invantory of :
a fast reactor would be increased to a prohibitive amount in the circulating

fuel ayﬁtem. Houever; early calculations shovod; that because of the lerge

~ amount of parasitic absorption, the total inventory of the internally cooled |

system.uas about thc same as that of fhe circulating_aystem. Poorer blanket
coverage, noro parasitio capfure and lower spectrnn caused the.internally cooled
syctem to have & breeding ratio estimated to be abont-O.B compared to an esti-
mafe of about 1,2 for the eirculating system. The lowsr Bpectrum‘uculd also
increase the'fission-product poisoning. .For these’faasona and since thc‘only
advantage attributed to the internally cooled system, lower inventcry, did not

exist, 1t was decided to conduct parameter studies solely for mixed chloride

" fuels in an externally cooled system.

Preliminary analysis (sec. 4.4.1) indicated that power output per mass :
of plutonium increased with increased poyer. A core power of 600 M{ waS;ohocen
as it is the upper limit imposed by existing electric power distribution systems.
Engincering consideretions yieldod a minimum external hold-up volume for the
remoéal of 600 Mi. This volume is so largocthat it remains easentiallf-oonstant
over a wide variation of core sizes.. | | | o
With the external hold-up'volnme constant a study was carried out on system
‘ i~ S : _




[N

mass and breeding ratios es a function of composition of the mixed chloride
fusl, It was realized very early in 'the study that, at the‘concentrations of

' the plutonium and uranium chlerides involved, the' hreeding rat:lo vas h:lgher

and the critical mass about the same when U-238 was used as a diluent instead -

- of the other chlorides. The salt of composition 3 NaCl, 2 Ptg012 -and 1 Pu (U)

Cl3, vhich is the highest concentration of Pﬁ (v) Cl, in the mixed chloride
commensurate with melting point uequlremente vas, therefore, ueed in the para-
meter study with variation on the ratio of plutonium to ure.nium. Th‘e analye:le "
wvas carried out employing a ten group, one dimensionel diffusion theory method
(sec. 4.2.1) on the bare core eyetem to find the be.ro core radius, breeding

retios, and flux energy spectrum. Blenknet cross sections were then averaged

. over this spectrum to obtain an approximation of reflector savings on critical -

core re.dlus. Okrentzz. has elzouu fhe validity of diffusion theory cdlculations
for fast reactor systems with dimsnsions 'greater-than 30 em,

| Since the blanket materisl chosen hes a low urenium density, an effort
vas mede to lower the neutron spectrum in the blanket to increase the plutonltm
production density la.nd decrease the blanket thickmess. Position and thlcknese
of a greph:lte moderator section, ‘placed in ‘the ‘blanket region, were varied

to study reeulte on breeding ratio: a.ud ooncentrat:lon and - distribution. of plut-

onium production as well as the effects reflected back 1nto the eore. The

Argonne National Leb.vRE-'7 code for the UNIVAC (Sec. 4.2.3) was used for this

study employing 13 energy groupe aud (2 epet:lel regions.

: Reflector ooutrol 18 poeeible »for a: high core . leakage reacto'r,'.euoh as-
1n the present-design, . A’ btr:lef etudy was - perrormed on- the. effeot of chang:lng
the level of a molten. lead refleotor adjaoent to the core vessel, These cal- .. :
culations were then performed more accurately ._employ:lng- a 10 ‘energy group, 3
spatiel region code on'a digital computer. - |

| m-
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4e2 OAICULATION<METHCDS BASED ON DIFFUSION THECRY ,
' 4.2.1 Bare Core Multi-Group Method
The neutron diffusion equation in a bare reactor for the Jth energy
"~ group is.

1 B8%5F i sieshe Zhs|gde

3% ‘ Am‘,

_1),9]22 @ du, +§:’P(«-»,)5 ‘95“"62:3@ Au

u; ¢!
where %i = Zf "“ Zf 27 is the maoroscopic cross section for removal
from the Jth group by inelastie acattering,.JLa:i. is assumed to be the cross
section for elagtic moderation out of the jth group, F%} is the fraction of .
the fission spectrum born in the jth group, and P(i —> j) is the fraction of
inelastiéally scaftered qeutrons in the ith group which are degraded to the
jth grouf on an inelastic collision. _ |

The calculation of the bare system c:itical;ty was therefore reduced to

e tabulation of neutron events with an iteration on the geometric buckling;

B, until a neutron balaﬁce wasg obtained over all energy groups. The calculation

begins with the 1ntroduction of one fission neutron distributed over the fission
spectrun, In the first (highest energy) group this is the only source of
neutrons4so that the events in this group can be tabulated. Group 1 then ﬁro;
vides the.balance of the source for the second group through’séattaring, hence -
 the events in the second group can be détem:lned. This procedure was eontinu’od

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

tsbulation of events, the total capture Qf each glsment,-the number of:fissith':

£
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in plutonium and uranium, and the muber of neutrons which leak out of the
bare system were found by swmation over all energy .gr‘oups.. A new radius was
chosen and the calculgtion ref;éfed_until the neutron production and lpssigere
equal, | '

. In the caloulation just desoribed, st criticality, the source of neutroms
for each energy group multiplied by the avereage velocity of that group times
the average time spent in that gfoup is proportional i’.o the flux of that specific
energy group. Tliat is, _

43' AU J ~ N ; “f T ;
Not.e that, %.f _ 1/F7 2__7 | |
vhere 7’ 8- 7 7 7
SEeg57 + 20+ Z +2? 5

<t a ult

hehce, ;Au ~ /Z

4.2.2 . Reflector deings Estimate

The flirx energy spectrun obtained for the bare core was assumed, for
the reflector savings estimate, to be the equilibrium blanket flm: energy spec- :
trmn.. Averaging blanlnet parameters over this spectrum and assuming an infinite
bla.nket, the reflector savings was found to ‘be insensitive to the bare core |
radius and bare care speqtr\m over the range 'of. interest.. For the study of
system mass, S:-e;ding ‘r'atio.s’ and. flux 'é’nqi'gy.ﬁpectrm _aé a function of the plut- '.
onium to uranium ratio, the refle_ctor- aavihgs on the bare cbre_ r#dius' wa_s. assumeci

to be aL' constant.

" 4e2,3 UNIVAC Calculations

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

81~




on the core and to gein information on the desirabiiity of a moderator section
in the blanket region, the Re-7 Argonne Nationel Laboratory code for the UNIVAG
was employed. The iteration in this code was performed on the fuel to diluenmt .

ratio rather than the core radius. The optimmm system core radius fram the

_previous parameter study and seven regions (core, core vessel, lead reflector,

first blanket, moderator, second blanket and graphite reflector) were used.
Extra lower energy groups were employed because of the lowsr energy spectrum
in the blanket. | .» | |

 The input information, calculation procedures and restriqtions of the RE-7
code are covéred in reference 23. The results of the problem consisted of '

the critical fuel to diluent ratio, the criticality factor, the fission 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 ovér,each'

region in each energy group, &nd the met leakage out of each region in each

energy group.
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4.3 CROSS SECTIONS

4.3.1 Enorgy Groups

For the UNIVAC caloulations'thirteen.energy groups were employed,
Thesevare rresented in Table 4.1 soction 4.3.4. The last four groups were

oombined into one group in the bere ten group parameter atudy.
4.3.2 Sources of Data

A11 total end fission cross sections as well as thev(n, ganma) of
uranim-238 and the (n, alphe) of chlorine were obtalned from BNI-325. The
capture cross section of plutoniun wag oalouleted using vaiues ofa&'empioyed
in reference 2. The inelastieveoettering oross seotion.of-uranium and plut-
onium were obtained through & private commutication with L, Dresner of CRNL, -
These wvalues were based on the experimental work of T. W. Bonner of Rice Institute,
M, Walt of LASL and R. C. Allen of LASL. The sources of other inelastic scatter-
ing cross sections are referemces 25, 26, and 27. The spectrun of inelastioally
scattered neutrons was. taken, for all elements, to be Maxwellian in form with
the temperature of the distribution given by the equation e:t)-g —C’ vhere E
is the initial neutron energy, b was assnmed to be 20 7 Mev~! and constent and
¢ was taken as 0.08 Mev for high energy neutrons and-extrapolated to- zero at
the threehold.. In reference 28, thie form is used and gives good agreement for
incident neutron onergies of 1.5, '3 and 14 Hev. '

Meaeured values of the transport oross eeotion of oarbon, iron, lead and
uranium-238 uere obtained from reference 29. Additional values for these elemente
and all transport cross sections for the other olements were calculated using
the anguler distribution of soattered neutrons obtained from referenoe 30, Cap-
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ture eross sections for elements other than uranium and piutoﬁimn vere cal-

culated using the method desoribed in Section 4.3.3.

4¢3.3 Calculation of Capture Cross Sections

» Becauée_ of the lack of experimental determination oi‘ capiure eross
sections at the emergies of interest (.00l to 10 Mev), a theoretical, energy
dependent equation employing parameters which can be estimated with some

31

accuracy was normalized to data by Hughes’" of capture oross -sections at 1 Mev,

Tha equation employed is that appearing es: equation 4.2b in reference 32.

.O-T;(E“_Elzf':g. _121 +1)
_ 5 52 INEAE !_'/zbf

L
where the functions, I ,are given by
0 - Ip (a)
' 1/2
0 - {_.t_} exp (-ipa/h)
1 | (1 )2 (@l 1P) exp ( -tpasr)
: (p ) .
I L vaip 1+1 - y .
' ' {-?% <~ra‘r> : oxp ( e/ )

rz=a
The penetrabilities

I 2 =%

Ig |2 forg equal 0 to 6 were calculated to be

{

'I-z-—lIo\z beos_1_+ sin _1_ 2 4 cos_l_ - bsin 1 _ 2 y b X
b b - b b - T

I,

2
(Bb ~1) cos_1_+3b. s:ln + 3bcos_1. ~ (3b2-1) sin 1]
b R b

8l .

L 1)




b
3 .

2 (15b -6) beos_1_+ (15b2-1) sin 1
' Y b

+ |(15b2-1) cos 1 - (15b-6) bsin 1

b b

2 ‘. B . ) . ) ) . ‘ 2
% | = |5 ]2 (1-45b2+105b%) cos 1 + (105b°~10) bsin 1
- | b b

+ [E105b2-10) bcos 1 -~ (1-'1.5b2+105b’*) sin 1]
b _ _ b [

: ’15 '2 = |I | {(15 -420b +945b1’) boos 1 +(1- 105b2+ 945‘04) sin 1
b b
ot Bl'1°5b+ 945t4) cos 1 - (15 1.20b2 +9455%) bein 1} 2|
b b
|56 | = | %o {E—H 21062 - 47256% +10395b°) eos 1+ (21-1260B¢103956%)bsin ;] 2

+ B21-1260b2+1o3'95b’*) beos % - (-1+210b2-4725b’*+1o395b6)sin %] 2
Note that p/h =.2.2 x 10”7 em” (E/ev)% and
pa/ir = 3.23 x 1074 433 '(E/ey)i‘, 1f & = 1,47 x 10723 A3 o

For mnucled where the level spacing has been exp_erimentally

determined and _fhe relevant energy state of the compound nucleus is not im
the contimunm,D (tﬁe level spacing') was ootained as an average of data from
reference 33. If the relevant state is in the continmnn,then D(7 Mav) was
determined frtxn the ‘experimental de.ta‘ poj.n@e_.in Fig. 3. 5 of reference 32, and
the equation D « C exp(-BE%) was psed‘vir._h C equal 1;.0 106 v (for light nuclei)

and B evaluated from the 7 Mev dat_ia. -E 18 the excitation energy of the approp-

: riate compound nucleus .

The parameter J 2n/b is obtained ﬁ'om complex potential well- theory and
18 plotted 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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1 Mev cross section data by solving for /:. . [: and Jn were considered to be

energy independent.

' 4.3.4 .Tabulation of Cross Sections

‘Table 4.1 liste the; energy groups and fission spectrum used in the

thirteen group calculations. 411 the cross sections used in these studies are

tabulated in Table 4+2  The spectrum of irelastically acattered neutrons

(assumed for &1l elements to be that of wanim-238), is given in Table 4.3

Group Fumber

O 0 3 O W & W N

E 5

 TABIE 4,1

Egérgz Groupg and Figsion Spectrum

Energy Band -

o - 2,23 Mev
2,23 - 1.35 Mev
1,35 - 0.498 Mev

0.498 -~ 0,183 Mev
0.183 - 0.0674 Mev

. 0,067, ~ 0,0248 Mov
- 0,0248 -0,00912 Mev

9120- 3350 ev

3350-1230 ev '

1230- 454 ev
454~ 300 ev
' 300 -5 ev '

'5-O'ev.

86~

Fraction of fission

peutrons born in band

0.346
0.229
0.301
0.091
0.025
0.006
0,002




Group Number

0 | = [o Y B ")

10

B

&

Fission

TABIE 4,2
Cross Sections

P
2.0
2.0
1.75
1.65
1.8
2,0
2.4

3.2
4.0

7.5

0

87

(baxns)

238

[~}

0.55 -
0.40
.02




continued

Group Number Pu - U

@ |M 3 O WM N W N M

B 5

12
13

.06
.10
.13

+20

.36
.60
.89

1.3

2

4

o2

9

7.0

25

45

* Asgumed wvalues.

Group Kumber

L= RV, Y SR VR U R

TABIE 4.2
Capture Cross Sectlonms. ('ba.rns)
6 B Kk E
.02 .031 L0001 ,0003 - .0063
.06 .0007 ,0002  ,000, .0060
.12 .0007 .0003  .0006 .0060
8 L0011 .0004  .0009 .0066
27 L0019 .0007 L0013 .0093
W40 0045 001, L0025 . 017
.57 .0097 .0025  ,0059 .037
J70  .022 0048 015  .085
.90 ,050 .0088 .038 .21
1.0 .1 .016 .06l .51
2,0 .19 026 082 .76
30 .33 W2 W02 1.0
2.0 063 2,0

3.6

.16

Bt o
02 -
02 -
02 -
02 -
02 -
.02 -
02 -
002 -
02 -
02 -
02 -
0 -
.10 -

 Inelestick Seattering Crooe Secticns!

2
2.5
1.8
1.0
48

¥ Inelastic scattering cross

U

3.3
2.7

1,0

section for removal from group.

.40
12

~88=

Fe
: 101 '
29

Eb
1.8

55
«20

.003

3]




continued

Group Mumber Pu

N - TN N RS DR R VORI U

BB B

13

¥*®

7.0
6.2
6.3
8.1
11
13
15
17
16
26
32
(L)
120

Group Number Pu

V. B 0N WV~ W N

«055
.055

© ,039

.060
.02
.09
-098
.10
082

.ﬁkangport Cross-Sections*'(barna)

U
6.5
5.9
5.7
i.3

11

13

1,
14

15
16

17
76
- 9.5

y I h]
‘Otr = Otot al] Os

g
060
.065

<053

O

.098

1

.11

a1

11

c1
1.9
1.8
1.5
1.7
2.1

3.0

2.5

3.5

3.6

4.0

4.5
12

20

Table 4.2
BK
1.9 L3
2.2 21
3.9 3.1
4.0 6.8
3.6 6.2
4.8 3.8
5.5 3.8
20 3.4
30 3.
3.2 3.4
3.2 3.4
3.2 3.4
3.3 3

Fe
2.0
2.2

2.1

2,6

3.2

4e5
5.7
8.0
7.4
10
1

1Y

EBEEEEEH

b

308 '

305 ’
34

5.5

[
[

9

1.3
1.3
2,8

3.4

3.5

3106

3.8

3.8

3.8

. 3.8

3.8
3.8

4

1.7

2,0
_2¢8
4.0

405' |

4o5
4.6

46
~4ob
4.6

4.6

4o7

4.8

Elastic Scattering Removal Crossesection* (barns)

cl

32

.31
.13

B Mg
42 W27
51 .45
38 .28
34 455
30 51
W1 31
47 W3
17 .28
2.5 .28
~89-

Fo

57

a8

088
2

-

16
20

.28

26

-]

095
cm6 -

o051

.058
. 096

.10
.10
A1

.11

0

.37
.38

o4

.56

e
b2

43
046
46

C

51

.63

okl

<63

71

M

073
73
.73
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J20 .13 .22 .27 .27 39 a1
.28 .31 .58 065 . .65 089 v ) 026
029 074 16 L065 065 .09l .026°

TABLE /4,3 INELASTIC SCATTERING SPECTRUM

<044 364 377 157 .058
- 197 .38 268 - .073
- -_ ‘.41’,7 +388 Jd22
- - - ST 300

- - - - .703

046 ‘_ .73

1.1 1.8
A1 L8
7
024
043
126
297




4.4 RESULTS OF THE PARAMETER STUDIES
bkl Preliminary Analysis

Foranextema:llycooled system, themximmpowervhichcanbe Te=
moved is ptroportional to the volume of the hold.-tua in the external heat ex-
changer, The system mass of pl\rbonim 15 prqport:.onal to the total .of the

_system. Hence, an :I.ncrea.se in the power removed at e s:l.ven core volme results

in en inerease in the ratio of power to the system ma.as of pltrtoniwn. There=
fore, the lowest inventory cost is obtained_with the maximm power out-put.
Enginesring considerstions yielded en external baldwyp volmse of 3510
liters for e core power o2 600 M, which wa.s ‘considered to be the maximm de=-
girable, With this external volume constant, a preliminary enslysis was pers
formed to minimize the mass of plutonium. One ten group, bare core ealeulation
vas performed with e wranium to plutoniun retio of wity in order to obtain a

" typical coée gpectrum. This spectrum was used tb average core parameters for a
"one-speed” parameter study of system mass of plutnoium variation with core size.

The "ehe-speed" bare core criticality equation is
— . - .D

T e
vhere o Hr ¥ 5, D= [/3 ztr] A:”‘/R' QAJZ iatheaverage

-ar

macroscopic capture 'CYOBS saction. of the d:lluents other than m‘a.nimn-a‘BS. In
terms ofthaba.ve ecore mass ofplutonium, M, andthebmcoreraﬂ.ius, R, this

equa.tion becomes '

Me P {_’l{_‘b’_ ZD*N°P[—“ 28( /)7
43 T+ 3 =
§7f£ pr R . g.f.!A




sideration of a salt of composition 3NaCl, 2MgCL,, ( 1
' . ' o l+x

vhere - (= .5;'”(,\)49'- - S ) G o= (Varr ')
A_ 18 the atomic ve:lght of the zth element

S/
£, 18 the atom fraction of the zth element in the salt |
o IQD is the density of the salt in grams per cubio centimeter

N

o 1s Avagadro's Fuzber times 10'2"*

G 's are in units of ba.rns
Mc is in units of grams |
R is in units of.ceﬁti..met‘ers .
Considering a reflector savings ofAB. the oore mags becomes '
: ~ M B%[E%R""]Bl :

The gystem mass of plutonium, 'Ms; is thus, for an external volume of Ve,

" Mg = Ml Ve
e . yrrns

With as external volume of 3.51'x 106 co, thesge eciustions h‘l.ﬂixer:losliy y:l.elld
M, = [1.25 x 10%R+ 0,132 -13_._'1515_11. 3 Losx10%1m 2100
This equation is plotted as ths predicted results on Fig. 4.1.
The reflector savings, AR, was. determined from ‘& blanket reflection
o_oef_ﬁo:le_nt _v_hic_h was obtained by sve:_-ag:!.ng blanket perameters oyer the ocore
flux energj spectrun. The refleotion coefficient was found to be ir_;se_nsiti_ve'-.

to core radius. Thus a typlcal AR of 18 em was used for 11 cases,

ggre Gore Teg Groug Parsmeter Studx

.For the reasons stated in section 4.1 the study was limited to cone

' ) Pucly and
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<? x U013, vhere x 1is the ratio of uraniun to plutonium, H(28)/N(49). Cal-

1+ x
culations were performed for various values of x to obtain bare core critical

mass, core flux energy spectrunm, internal breeding ratio, and the net core
leakage whioh wag used to obtain the maximum external breeding ratio.

The reflected core critical mass variation with the refleoted core radius

18 plotted as Fig. 4.2. Note that the equation for M, in section 4.4.1 1s of

the form
M, & kR + kR

,vhere'kz/kl 18 about 10'5'50 that for R less than 100 cm the deviation from

linearity should be less than 10 percent., Thie behavior 1is seen in Fig. 4.2
which 1s the result of multi-group treatment.

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

‘seen that .the shapes of the two ourves are similar and that the minimums fall

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

vhich was made in the preliminary analysis ’ that the parameters, vhen averaged

over the core spectrum, vere insensitive to a change of core radius,

The eystem mass of plutonium and the breeding ratios are plotted as a

funotion of x on Fig. 4.3. Core flux energy epectrums for x equal to 0 and 1

are given as Fig. L.la and.x equal to 2 and 3 as Fig..L.Lb. The. rapid increase N

of the system mass of plutonium as x decreases from 2 vas oonsidered to far-

outweigh the advantages accrued from the higher hreeding ratio and the higher

flux.energy spectrum, Thus the optimum syetem uas chosen to ocour with x equal

to 2,




44,3 Reflector Control

In a reactor with a high core leakage, control can be affected by
changing the fra.etion of the mrb-going core leakage which is returned.. Using
& molten 1ead reflector. in vhich the 1evel is varied, the largest contribution :
to control is due to. the crea.ticn of & wid. surrmmd.ing the core. Thig void
resu..ts in some of the neutrons reﬂected 'by the bla.nket, vhich is now sepa.ra.ted
from the core, to reenter the 'bla.nket directly CE'ne _change of reﬂection co-
efficient due to the separation of the blanket from the core is celcula.ted assuning
that the. neutrons 1eave the blanket in a cosine spaetlial d.istri'bution. In terms of
the reflection coeffieient with no sepe.ra.tion the e:‘f_ective coefficient wi'hh & void
surrounding the reactor core is given >'by'
o d 1.
R+ t A -c)
where R is the coreradiusanﬂ.tisﬂlethiekness -of the void shell, The
approximote values of of , t and R used in the system'_vezwe ol egual to 0.5,
% % 2.5 cm, and R equalto 92 cu. For these values, o * is equal to 0.493.
Since the nev core leakage is approximately one half the core neutron pro-
duction, |

Ay e o 2 o.00%

k o<

Atanic Pover Development Associstes performed e three region, ten growp

caloulation to determine A k/k for the void control. These results give k/k

egual -to 0.016.

4.4, h Effeet of a Moderator Bection in the HElanket Region

To determine the effect of & grephite mod.era.tor section in the ‘bla.nket
region, WIVAC calmﬂations employing seven spatial reglons enﬂ. thirteen energy
grou;ps were carried out. For & constant totel volume of moderator and blanket, "

A1

£
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variations were made on moderator thickness end pobition. _

The core flux energy spectrﬁm with no moderator present in the blanket
region was identicel with that'obfained with the thiokést'moderator séctibn
used, considered at its closést approach to the coré.v Theréfofé; ihelénif con-
siderations in choosing an optimm system were the cdncentration 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.moderator 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 9;68
barns when blanket material wes substituted for the moderator. |

Qver the range of moderator thicknesses consi&ered (0 to 13cm5, the ibtal
breeding ratid varied only slightly whereas the average,cohcentration of plut-
oniun. production increased by a factor of gbout 1,6 with the average concen-
£fation in the outer blanket inoreasing by a larger factor. Thus the maximm
moderator thickness of-thirteén centimeters and the minimum inner blanket
thickness of se#en~centimeters uer6 chosen for the final system becauss, of -
higher avarag9;concentfation'aﬁd ﬁore uniform spatial diétribﬁtion of‘the.fluf-

oniun production in the-blanket.
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sists of the @even spatial regions listed in Tabls 4.4.

FINAL DESIGE

The final sfatem, based on the results vathé UNICAC calculations, qbn-

TABIE 4.4 REGION DIMENSIONS ARD COMPOSITION

Region

1.

24

3.
4.

5.

7.

core

core vessel

lead reflector

inner blanket

moderator

outer blanket

graphite reflector

Outer boundar 4 ol

92
93.7
96,2

126.2
139.7

160

* Composition

'3 NaCl, 2MgCl,, 0.6 UC1,,

0.3 Pully. &u 2.5 gu/ec
;aSumed'to be ‘iron for
nuclear calculstions |
11quid lead

volume fraction U0, = 0,50

" volume fraction Na a 0.42

volume fraction Fe = 0,08
graphite
volume fraction U0, = 0.54

volume fraction Ha = 0.44
volume fraction Fe g 0,02

graphite

 The detailed neutron balance sheet, normalized to one neutron sbsorbed

2.5.

Q6=

in plutonium in the core, 18_given in Table 4.5) of Pu = 2,88 and ‘1)of w38,

-




”n

‘reglion 1:

figsion in Pu .

capture in Pu .

fisaions
captures.
captures
ceptures
captures
regibn 23
captures
fegipn 3
ceptures
reglon 4
fissions
caﬁtures

| ceptures

" captures

-region 5:

captﬁréﬁ
regioh:ézﬂ

f1gsions

c#ptureﬁ

~ captures

captures

inU.
inUo
in C1

in Na

in Mg
in Fe
in Pb

inU,
inU.

in.ﬂa._

in fe

inC.

'in U:; .

inU.
in Na

in Fe

TABLE 4.5 KEUTRON BALANCE
neutron absorbed

* e o .o o o o o o 00793
C e e e e e e .. 0.207
e o o ¢ o o o o o 00048

e e e e e e .. 0.238

L] L] , L] .» L] [ ] L] L ] o.m
A N le
® * L] L] L] [] [ ] L] [ 0.011
I X 13

L .. L] * L) L] L] e o 0.012

0000000000.023

00.:..0‘._-.0.437 .
o. e o ¢ o o -90.003

Y - X T4

e o o o o @ .o.. io . 0.001 .
. o. 3 o e e o .v [} ooul
C e e e e ... 0,005

e e e e e .. 0.0

peutrons produced

2,284

0.120

0.058

...°.002 
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TABIE 4.5 (cont.)

“'néutfgg§ aﬁéé%%éﬁ*;d*““ iigttrons produced
region 7:\_1f.. | |

captures InC . . . . . v . ¢ o0 o0 . 0.001

leakage;,.; e e e ." .. ; . o« o . 0.055
totals for all regions - A YA C 2464

breeding ratio = 1,09

The spatial neutron flux distribution for each of the thirteen energy
groups is shown on Figs. 4.8, 4.§,land 4.10, These nlots are for ; core |
veseel thickness of 5,1 cm. and a lead reflector thickness of 5.1 cm. These
values were subsequently reduced in order to increase the fast fissions in U‘38
‘the blanket end to redibt: the parasitic captures in the core vessel and reflector.

Energy spectrums of the core,.inner blanket and outer regions ere shown
on Fig, 4.11. | |

The number of fissions occuring below lethargy u vs., u is plotted as Fig. 4.12,

The total system mass of plutonium is 1810 kg. This extremely high vel ue
is primarily due to the low density of the mixed chloride salt and to the very
large external hold-up volume. Because of the low density and the lower thermal
conductivityvof most low melting salts, this high inventory isven inherent |
characteristic of fused salt systeme. The effect of the high enternal.hold;up
volume could possibly be improvedlsomewhat by enploying a salt-gith better heet:

transfer cheracteristics.

-
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CHAPTER 5 CONIROLS

5.1 CGENERAL CONSIDERATIONS

The control of & fast reactor is no more difficult than that of & thermal
reactor. Even though the prompt neutron lifetime is much shorter in & fast '
reactor, the delayed. neutrons are still the controlling factor.~ It is the number
of delayed neutrons available that determines the ease with thich the reactor
is controlled. - In e plutonium fueled reactor there i5 less than one-half the
mraber of delayed neutrons that are aveilahle in e reactor using 023 for fuel.
‘Also, a circulating fuel reactor reduces the effective number of delayed neutrons
aveilable for control because sOme are bom in the loop outside the core and are
lost to the system. -'I'.herefore, the main difference between the control of a fest
end thermal reactor is in the method of conmtrol.

One'method of control is with the use of & neutron.absorber. This method
is not generally satisfacgory for fast reactorspbecause ofbthe_lou capture
cross sections for neutrons in the high energy spectrum. Zhis.requires that-a
large' amount of absor‘ber material be move_d.'in a r‘elatively ehort' tinze. Also,
the comversion ratio in a fast breeder’reactor is lowered. |

Another method. of control is uith the movement of fuel in the reactor. This
does not lower the conversion ratio but does present<the additional.problems'of
having to remove the heat generated in- the fuel rod end having to ‘process
the rod. This method is not ‘too practicable in & circulating fuel reactor.

The use of a8 movable reflector appears to be the most practicable method
of controlling a circulating fuel fast breeder reactor. This method has the
disadwantage of having to move & large mass of reflector material in a short
perioa of time. It also lowers the coaversion ratio slightly. Hovever, thisb
method of contral was selected for'the‘reactor under consideration in this

project.,
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5,2 DELAYED KEUTRONS

The control of a fast reaotor with only prampt’neutrons available would
be extremely difficult because the average lifetims of prompt neutrons in a
fast system 1s of the order of 10~ 6 seconds. When delayad neutrons are avail-
able, the afarage neutron lifetime in the system becomes approximately l0'2
gsecords, This increeses greatly:the ebllity tolcontrol theireaptor in & safe
manner, .._ | - _
The fraotion of delayed neutrons emitted by the fast fission of plutoniﬁm- N
239 is 0.0023 and of uranium-238 is 0,0176, Fram the muclear calculations
¢+ - 1t was found that 5.7 percent of tho total fissions are from ura;ium-238 80
.that the delay fractionm, A?; 1s 0,0032. This is the value when the fuel is
not being circulated. o : _ _ o
In considering a olrcalating fuel reactor, it is obvious that a part of
| the delayed neutrons will bo oﬁitted outside the core and thorofOre Iost to
tha'system} The fractioo of*dolayad neutrona that ere usefuldto the circulating
. fuel reactor under atoady‘atato'oonditioas can be caloulatedlfroﬁ the ratio of
tho average concentration of dolayad neutron precursors in tﬁe-core to the

concentration of delayed neutron precursQrs . in the core when the uel ‘
7

is stagnant. This fraction for the ith delay group can be uritten as follovs.3
. DX "}"*d' \’ 1\.t —‘7~.t4 ‘ .

-

vhere)\i is the decay constant, td 1s the time spent in the oore by tha cir-
oulating fuel and t 1is the time spéht outside the core by the fuel. The a
average o wes found “to be 0. 519. Since one dollar of reactivity = dbﬁ?

0. 0017, the reactivity dollar has been deflated nearly fifty percent due to

circulation of the fuel.
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ONWNEW N

1aBiE 5,1 2

DELAYED NEUTRONS FROM

’tl-;. (SGC.) DN (sec:]j : | Vﬁi' . ____O(.i__

22.9 " 0.0303 - 0.00062 - 0,462
6.11 0.0134 0.00045 0.464
L 2.1 0.3238 0,00088 - 0.480
0.40 1.7325 0.00028 _ 0.709
0.15 4,620 0.00002 - 0.884
TABL 38
ABIE 5,2

DELAYED NEUTRONS FRGM U238

T (sec.) N (sec™)) B1 A1
1l 53.0 0.0131 0.00014 0.462
2 . 22,0 0.0315 0.00178 0.462
3 5.3 0.1308 0.00278 : 0.462
4 2.0 0.3466 . 0.00718 0.480
5 0.51 1.359 0.00419 -0.657
6 0.18

3.851 0.00153 - 0,861
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The lifetime of prompt meutrons can be calculated by

L:____l._.___ . -6
: ?))f; = 0.5 x 10~ geconds

vhere ;‘.,_:__ _M_
S o4 dE

and & _ 5, ddE
2" T edE

In the reglon below prompt critical, the delayed neutrons determins the

average neutron lifetime in the system.

With ciroulating fuel’’

. Z (161 é i _ + L- 0.018 aeéonds
i
M

With stagnant fuel’?

L- Zgi + L = 0,039 seconds
i
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5.3 TEMPERATURE COEFFIGIENT OF REACTIVITY

Thé 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 reastivity is from the expansion of the fusédlaalt.- The following

‘derivation is for an approximate value due to the change in density of the

salt,

DB?*\ . ‘
#£ - )7,[ > e ) - (_5.3.1)

' uhere D32 = leakage croés gection

and ‘E}:

DB*
g

total removal oross seotion (including 1éakage)

probability of leakage

|- £8* = probability of non-leakage 4

Define Z,,—- S - DB* : _ (5.3.2)
Substituting (5.3.2) in (5.3.1) and rearranging we get |
£ =t /O (5.3.3)

If D= L
\32T

Ao = 'z 21 ' ‘ e,
Tt (jz z+(3=) ( 2
From preliminary core calculations 1t was found that 3£};Z£- B2 80 that

then

small changes in_32; ot 1n the mmerator of (5.3.4) will not be affected very

much 1f 3 2. Zt +B% In the denominator is assumed to be & constant. (5.3.4) can .

be rewritten és

£~ C2X 2, : (5.3.5)
and 2 ',2‘, Nn_ 10: (5-3.6)
and 52 Nos - -~ (5.3.7)

. =116~
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Since Nr ¢ N
then_ Nr o 02N

~ Substituting (5.3.8) 1n (5.3.6)

Sr~Cp N0
Substituting (5.3.7) and (5 3. 9) in (5 3.5)
= 03“2 | |
where 03 = Olgzcn; 6+ |
Reactivity = dk ~ 2 e N dN ~ 2dN
.‘ -k s N> N
and Nx}Q

80 %kg Zilﬁ,
F

(5.3.8)
| (5._3L9)

(5.3.10)

(5.3.11)

' (5.3.12)

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

that

. df mebhe2 X 10-4 4T

The average temperature of the i_‘used. salt in the core is 1200°F and the

average density is

- ,o-zss/om |
Hence c/k o~ 9dp = =3.3'x 107 dr

and the temperature ooeftioient of reactivity due to the expansion of the B

fused salt 18 negative and approximately
3.3 x 10",4 per °p

The'a.bm apxtu-oucimation was verified 'bj" a tex’i grcup, ‘three reéion nachine

calculation vhich" .fonnd the negat:lve temperature coeff:lo:l.ent of reactivity

40 be 2.4 x 107™% par OF. . -

: Singé-there 18 mo etﬁeriméntal'dgta”bi-thé*dénéitj of the fused ealt being "

used in this reactor, it was felt tﬁat'tﬁe"hl'g:li temperature donaities as obtained -

from theoretical caloulations were not relieble,"

317

“The ‘temperature coefficient




‘of reactivity obtainad using the theoretical densities appears to be on the
_high ‘side. Therefore, 3.3 x 10~ per °F vas taken &s &n upper limit, The

lower 1imit used in simulator studies was 2 x 10™° per °F, These values appear
to brackst the coefficients ueed in the design of gimiler reaetors.

There are eeveral other factors contributing to the coefi‘icient of reactivity.
The expansion of the. lead in & partially filled reflector due to a rise in’
temperatnre villl give an increase in reactivity‘. A simple calculation was made

to determins the magnitude of this effect. It was assumed that the reflector

‘was & cylindrical shell 176 cm high. -

The change in the density of lead due to a temperature che.nge was found

from Figure 5. 14 to be
= 0,00065 g/em?/°F

Therefore, P= ‘/?-9.00065 T
vhere T is the change in temperattn"e from T,

If the reflector 1s ome half full at 1200°F and the temperature is inoreased
so the reflector level will raise one cm, the weight of lead will remain con-
stant; so |

2Trx Ekdﬂ = .2_7rr('qu+I ) cl(ﬁ - 0.0000bS T)

Rearranging, T =

0000 b5~ (4 h+!)

= 10.22 g/on’ &t 1200°F

'so T = 177°F rise,

If the total reactivity of the reflector is 0.016, then the average re-
activity per em of height is 0.9 x 107 per cm, Therefore, a 177°F rise in
temperature will raise the reactivity 0.9 x 104". The temperature coefficient:

" of reactivity due to the expansion of the lead reflector i1s then apfzroximately'
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0.5 x 1070 and 1s positive. 'This 1s considerably smaller then the lowest

value of the negative coefficient used for ezpansion of the fused salt,

' The Doppler ei‘i‘ec:tl*1 is another source of variation of reactivity wvith

,temperature. The overall effect 18 to increaee resonance ecross eections wvith
' an increase of temperature. Thus, the fissions in Pu239 will be increased

»with increasing temperature, leading to a positive temperature coefficient of

reactivity. This poeitive coefficient is 1in part balanced by the negative

coefficient of reactivity arieing from the inoreased abeorption in the Pu39,

0238 introducee a negative coefficient of reactivity so with the proper

balance of the tuo materiale, the positive coefficient cen be cancelled out.

It was found in a 0235 system that to obtain a negative temperature coefficient

of reactivity, the ratio of U238 to U235 nuclei would have to be greater than
1.9, In the reactor being studied the ratio of Uz38 to Pu?39 1s 2. O. Althcugh
no calculation was made for the Pu239 system, it appears-that if the temperature
coefficient'of reactivity due.tolthe Doppler effect ie still positive, it will

be small compared to_that obtained from the density change in the fused salt,

~120~-
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5.4 REFLECTOR CONTROL

The lead reflectorr vill be used primari]y for shim control to compensate

for burn—up of the fuel. Thie will allcw the additiun of fuel at fixed intervale
rather than continuously if concentration control were used. ‘ The operating ,
level of the lead reflectcr at the beginning of a burn up period will be at a -
point where only 0.0025 of reactivity can be added by completely filling the ”
refle_ctor. This will allow for abcut Yen days of operation bet\.re_en_ additionls:_: ', |
of f‘uel. ‘ | _ | L
| The dumping of the lead reflector can be used for normal ehut dcwns of

the reactor. However, he operating temperature of the fused ealt must be )

maintained dm'ing ehut down either by decay heat or by the addition of external

heat. Thie ie to prrevent the reactcr ﬁ-cm going critical due to the negative

s lvidne

temperature coefficient cf reactivity if the temperature drops. The dumping
of the fused aalt will occur only as. an emergency sorem or uhen the reactor ‘ i
requiree maintenance. Dumping of the lead reflector for ehut doun will reduce o

greatly the coneequent atart up, time. L
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5.5 SIMULATCR STUDIES

Simulator studles were _run to determine the stebility of the system under
changing load eonditions; The load demend was veriedfrrom'imll load doun to
1/6 load in steps of 1/6. The load was then taken back up to ome half load
and then to full load. Even though the load changes were made much faster than
they could be changed in actual practiee, the system prou'ed to be rery stable
under these "conditione. This was becauae of the negative temperatlire coefi‘icient
of resctivity and the 1arge heat capacity of the system, The use of different
negative temperature coefficients of reactivity only changed the time with
which the system responded to the load changes. '

Due to a lack of time, no method to hold the steam temperature at its
design point u’hen the load was reduced was simulated. However, there are |
gseveral things that can be dome, either wholly or in pe.!'t, to maintain the steam"
| temperature., The temperature of the boiler feed water can be reduced by reducing
the amount of steem to the boiler feed water heaters or also the steam temperature
can be reduced by attemperation. . The auxiliary cooling system could be used
to remove pert of the heat. This design calls for constant speed pmnps but ir
variable speed pumps were-available they could be used to regulate _»the -steam
temperature. The‘ temperature of the reactor could be varied by the reflector
shim control but there i& a louer 1imit to prevent freezing of’the fused selt,

| The following dlagram shows the design temperatures of the various loops
_1in the s&atem'at full load. -

122~
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1350°F ~ 1050%°F . 1000°F

0 F
CORE | FUEL Ne
_ 1 )1 e\ |
1050 900% | 550°F

As geen in Fig._5.2,’the reactor power follows the‘load demand with
practically no overshoot with a negativoAtemperaturebooeffioient of reactivity

=/,

. of 3,3 x 10 .". There 1s no noticable change in the mean fuel temperature as

. the load demand is varied.
' -5

A negative temperature ooeffioient of reactivity of 2.0 x 10 ° was ﬁseo
to obtain the results shown 1n Fig. 5.4 Even with this small coefficient,.
the reactor is stable but requires more time to reach equilibrium after a load
demand change. | :
Fig. 5.5 shous the different temporatures obtained in the system when
o | the load is veried. This is uith no method of controlling the steam temperature
in the simulstor circult. |
The diagram used to sst up this reaotor system on the simulator iB shown

in Figs. 5.6 and 5.7.
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5.6 STARTUP PROCEDURE

. The‘following rrocedure 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 oporating 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 intervals to check criticality.
With the source in_the hlanhet, 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 ae'criticality is approached.

The concentration of Pu must be such that when the core is completely filled

-and et operating temperature, the multiplication constant is 0.95. The
pmping rate is 5 gpm which is adding resctivity at approximately 0,0001
per second, If a positive period is detected while fi1ling the<ccre, the
dwnp valve will be opemed sutomstically, Tt is estimated that the solemoid
will operate in about 30 milliseconds and the core will empty in 4 seconds.

L. After the core is filled, finish filling the fused salt loop and start
the fuel circulating pump. Add heat through the main heat exchanger to
keep the fuel at operating temperature.

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

6. Add Pu to bring reactor critical. lhis must be added in small amounts at

a point in the loop ahead of the heat exchanger to obtain maximum diffusion A

in the salt before 1t enters the core. This dampens out the fluctuations
of the multiplication constant which occur wher the richer fuel enters the

-130-
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core., These f_luctua.‘tign.s mst not be 18.:‘rge‘ enough to put thg reactor on a
pmn:pt critical period'..”.”: e | | :

Te If the mean temperature of the reactor is beloﬁ' tl_.ae“_oée:ating temperature
after . it has gone critical, continue to add Pu until the reactor reaches
the operating temperature. Then control the temperature level by reflector
ehim during the burmup period. | |




CHAPTER 6 _GHEMICAL FPROCESSING

6.1 FROCESS FLOW SHEETS

6 1 1 Core Processing

The core processing flow sheetu’ 43, 4 is shown in Fig. 6.1. Both
‘.the core and blanket chemicsl troatments employ a Purex-type process as an

integral part of their processing cycies. Since standard Punexfis a rolativslyl

3

well-developed operstion,-it will not be explained in detail arnd is shown as
.a single block on the flow sheet. | ' |
The chemical process for the core is givan in the following outline: - | .
as The fused salt is drcined from the core. After "cooling" at the re-
actor site, it is transported to the processing plent.
b. The solidified salt mixture is then oissclved in water using‘hest i
" required. Proper precautions are employed to maintain suberitical conditions.
c. Sodium hydroxide is introduced to pnecipitste the uranium, plutonium,
magnesium, and some fission products as hydroxides. After centrifugstion, the
the filtrate solution of sodium chloride and scme fission—product chlorides
is discarded by approved waste-disposal techniques, provided the plutonium con-
tent is low enough. _ _ o ’
| d. The precipitgte is dissolved in acidic solution buffered with -emmonium
ion. » : o . s S . i
» 2. Ammonium hyﬂroxide‘is intnoduced to a pH of 5-6 to precipitate thc
.-uranium, plutonium, and some remaining fission produots as hyﬂroxides. After
centrifugation, the filtrate solution containing most of the magnesium is again
discarded, if the Pu content is acoeptably low,
f. Tne precipitate is dissolved in nitric acid.solution;
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g. - A modified Purex process is used . to obtain decontaminated piuton:lum
nitrate., Detaills of some of the modifioation will be discussed in a later
sgction.

h. The plutonium is préoipitated from nitrate solution with oxalic acid.

i, The plutonium oxalate is refluxed in hexachloropropene for 24-48 hours
at 291."(-:. Impure anhydrous plutonium trichloride. (containing carbon) results.

J. The plutonium trichloride is chlox;inated with phosgene for eight houﬁ
at 600°C to remove impurities. The plutonium is then in a form which oan be

returned to the réactcr core.

6.1.2 Blanket Processing

The blanket process flow a_heetu is shown in Fig. 6.2. The following
cutline smnma.rizeé the chemical processing scheme for the blanket:
a. The wrenium dioxide-aoditﬁn.péste is drained out bf the blanket by use
of ;Qre,ssure' end dilution with additional sodiim, 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 Ln'ahitm‘ dioxide and
i8 recovered for re-use,. . V . B |
c. 7The uranium dioﬁ:ide‘ powder is bco'n*..aqjl_;ea with ethyl al{cohol to dissolve
the remaining'sod;m.'_ This step may not be necessary, _de‘pendiﬁg on the efficiency
of the p:'evious'stép. _ L ' o
~The powder is then. dissolved 1n hot uitric acid,
e. The standa.rd Purex process is employed ‘o obtain decontaminated plut- .
onium nitrate. ‘ .‘ ‘
f. Steps h through 'j‘in the 'coi-e_prbcessing outline are followed to ob-
tain plutonium in & form suitable for use in the core.
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6.1.3 On-Site Fission-Product Removal

6.1.3.1 0Off-Gas System

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

‘material, although the amount will probably be small,

With the production of some chlorine aesumed, the following outlineLs
deseribes an off-gas system on the basis that some 9. L-year krjpton will be .
formed and that ‘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.

-be After passing through a filter and a cooler to remove entrained particles
and yapor,,the gases go through a let-doun valve. The salt fram the filter
and cooler is returned to . the core system,

c. The gases next pass.through an aqueous.or caustic secrubber end a silver
nitrate resctor to remove the chlorine.

d. lheAgases are dried at - 70°F to rehove water wvapor,

‘6. After passege through charooal absorbent beds, &ll 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

& CWS filter or equivalent and finally out of a stack.

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

gases thus driven off would be stored in pressure cylindere. »Houever, if the
| 136~ - |
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amount of 9.4-year krypton were sﬁfficieﬁtly‘small,‘ buried pipee'containing
charcoal at ambient temxﬁere.tm-e could be substituted for the refrigerated char-
coal beds and would provide sufficient holdup to ellow decay of the rarve gases

before release to the atmosphere.

" 6414342 ~Precigitation of Fission Prbdgots

Lf‘ter the reactor hae ‘been in operation for a time, it is possible
that certain fission produots (preeumably rare earths) will build wp to con-
centrations exoeeding their solubilities in the fused chloride core mixtm'e,_ '
Thus, it is necessary to ooesider the removal of precipitating fission-produet B |
chlorides. Lack of experimental data in this area requires qualitative treat-
ment of this problem, | |

~ Since fission-produst concentrations will be building up rather elowly,
it seems reasonable that they could be kept‘belew their eolubility limits by
continuous processing of a small side-stream from the circulating fuel loop.
This streem would be tapped off from the hot stream leaving the rea.ctor core
and then passed through a small large-tube vertical heat excha.nger cooled by
an auxilia.ry vodium stream, The chloride’ mixture would then go to one of two
filters in parallel vhere precipitates vould be removed. an filter would 'be
n-stream wbile the eolid material vas . being removed from the other. o

To insure erreotive removal of fieaion-;n'oduct precipitates, it vould ‘be |

neceesa.ry to cool the side stream to a temperature below the minimm in the
circulating fuel loop.- In order to ptrevent introduction into the core of a
gtream with cold spots ’ the side gtream would be returned to the inlet plemm
of the main heatl exohanger, alloving time for nixing.
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6.1.3.3  Distillation Removal of Fission Products

Thq poésibility arose of fhe continuous pa;%ial.removal ofilow-
,boiiing fissibﬁ-product‘chiorides from the cofe ﬁixture by distillation of
8 small side-stream.‘ Again, lack of experimental data prevénts‘quantifatife
Atreatmeﬁt of this problem. Houeyer,_iﬁ’is at leést worthy of'ﬁsntion that it
might be possible to postpome for a long period of time the complete aqueous
proce#sing of the cofé'materiai‘byvmeahélof ah oneﬁité continuous distillation'

~

_process,
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(81




6.2  CONSIDERATIONS IEADING TO PROCESS SELECTION

6.2.1 Processes Considered

Any ettempt to select & chemical processing treatment for a reactor
system as hrcadly defined initially as the cne:described in this report de-
pended upon the basic problens'of core and_blankst'naterials.selecticn. Quite
naturally, every tentative cholce of matarials»fcr either the core or the blanket‘
necessitated a preliminary investigation of the processing problems involved
in order‘to.deternine any excessive cost requirements or prohibitive operating
conditions, o | _ _ ‘ ‘

Although the nature of the reactorvstudied dictated the general type of
‘material in the core,. there was a considerable_degree of latitude in choosing
the blanket material, as indicated ﬁreviously_in the report, Under consideration.
were uranium dioxide-sodium systems,and canred solid uranium in addition to
fused uranium salts. Thus the chemical,processes investigated included pyro-
metallurgical, volatilizationm, electrolitic, aqueous and other processes,

It became eyident'rery_early tnat any eyaluation_o£.mostﬁo{_the rrocesses
considered would be.hindered by two potent.factcrs,svis;; lack;ofAexperimsntal .
data. and non—existence of reliahle cost data. Since' the time to be' spent on
chemical processing during the course of the proJeot was limited it was decided
that studies vculd be restricted tc those. processes on vhich sufficient experi-
mental and cost data were avallable to allow a realistic appraisal. Unfortunately,
this decision almost antcmatically eliminated everything except aqueous processing.

. The above decision, houever, was’ in line with the general project philo-
sophy that the reactor system designed wculd be one for which a capability of

construction might reascnably be expected-to exist in the next couple of years.
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In addition, it was felt thaf with the low fission-product capture cross séctions
in a fast reactor, it might be possible to ﬁroceés ihfrequéntiy ehough.to'maka'
aqueous processing écdnomical byiemploying a centralized p&ocegéing facility;
The vindicatioh of this idea appears later, (See Section 6.3.1). Actually,
this.éppfbach should be consérvatiﬁe,'Sincé:ecbnomics will undoubtedly dictate
‘that the construction of gnjvtype'of proceSsing_facility have no higher costs

than thbse estimated at present fof'aquebus plants.

- 6.2.2 Process_Selection

Amohg.the aqueous processes, the Redbx.aﬁd Purex processes have been
most uidéi&jstﬁdied and ére feasible for piant—scale construction. Data on
\othef-ﬁqﬁééus processes are not ﬁi@élj'év&iiable, and 1t seems unlikely that
much cost advantage could be obtained with any of them, Of the.Redox'and Purex
processes, the latter is more economicél} and thus, 1t was selected as the basis
for'chemicai Trocessing touséparate ﬁranium, plutgnium, énd fission products.

" Before the choice of Purex could be finalized, howevef, several problems had
to bé resolved. | Since thinking_was'iﬁ terms of a centralized proceSsing |
facility; it was necessary to asceftaij whether Purex could be édapted for use
with the éore maﬁerial in order to be able to employ the'sﬁhé'bééic prdcess

for both core and blanket, This problem is discussed in Section 6.2.3; Further,
there remained the determination of‘economical head-end and tail-end treatménfs
suitable ror the materials in the blanket and the core. 'Tréatﬁénts'wefé fazndLL -

_and are outlined on the flow sheets in Sections 6.1, 1 and 6.1.2.

:6.2.3 Purex Modificationgs for Core Processingv
Information obtained on.the Purex 'processl"3 indicated that it would

be entirely feasible to adapt the process to handle feeds 6f,highrplutonium

10-
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content., Bove'ver,r several major problems were apparent innnediately.’l

' Processing of fuels with high plutonium content reqnires close control
of the Pu concentration to maintain s'nbcritic_ality_of all eqnipnent. The high
concentration of i‘iesion products in the feed poses both chemical hendling and
radiolytic reagent oegradation' problems. In the plutonium geparation etep,
the reductant (ferrous sulfamate) concentration mst be etepped up to maintain

the increased amount of Pu in a chemically reduced state. This in turn leads

to a requiremsnt for separating large quantities of ferric ion from plutonium.

The solution of these problems would require de'velopnent work in the laboratory.

Much mcre ‘dilute ooncentrations of uranium than in a standard Pure‘x. wa11d
have to be employed in order to maintein the low plntonium concentrations
necessary for subcriticality. One method for alleviation of this eitue.tion
vhich would bring the process closer to a standard Purex ig to reoycie 'uranium
from the urenium strip column, This uranium is in a dilute nitric e.cid solution
and could be used with additione.l nitric acid to diseoive the hydroxides from
the head-end treatment yielding a solution cloeer akin to the ccnventional
Purex feed with respect to uranium concentration. To improve this treatment,
a higher initial TBP concentration could be ueed in sterting the Purex to pro-
vide a higher uranium concentration in the etrip eolution and this latter eolution
could be ﬁlrther concentrated by evapcration. , _ |

Longer fusl cooling times would leeaen the decompoeition of Purex reagente

' by fiesion-product decay. The increased amount of ferric {on’ in the fipal

plutonium eolution cculd be handled by increasing the ion exche.nge facilities

employed in the standard Purex process.




6.2., Alternate Blanket Process

In addition,to.other prooesses mentioned,‘therelwaSvanothen44 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 proéeés depends upon the fact that plutonium dioxide becomes refractory at

'@ puch lower temperature (500-600°C)‘than doeswranium dioxide (about 1100°C)

and most,fission—p:oduct oxides and hence can be exceedingly difficult.to

' disSolve from an oxide mixture. As a result, if the propef dissolution con-

‘ditions are used upon an oxidekmixture in which only the. plutonium dioxide is:

refractory, the uranium dioxide and a good portion of the fission—productz

oxides can‘be dissolved initially. The resulting matrix can then be dissolved

yielding a solution vhich contains mainly plutonium uith some fission products.
Since no experimental data has been found on the decontamination obtain-

able, 1t is difficult to evaluate this process; However, it is interesting

. to consider 1ts use for fast reactor 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 ooncentrationv B

of Puly in U02 must be high enough so that the PuO will exhibit its own pro-
perties.. '
. A tentative outline for such a process is given as follows:
a, The,sodium is removed from the uranium dioxide-sodium blanket material
by voiatilization and alcohol dissolution~ae explained in Section 6.1.2.
A b. An oxidation may be necessary to convert any plutonium metalfto,dioxide.
6. The oxide nixture is roasted at 500-600%C to make the PuOy refractory.

Depending upon the blanket temperature, this may have elready been accamplished

-142-
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during irrediation. On the other'hand, too_high e blanket temperature could
cause.all oxides to become refractcry, desttoying the feasibilityiot this
process. : | |

d. The uranium dioxide and most fiasion-product oxides are dissolved out
of the nixture with hot concentrated nitric acid,

e, The romaining material, mainly Pu0y,, ie .dissolved in nitrioc acid
containing fluoride (about 0. 1% HF)

f. The plutonium is precipitated as cxalate and treated as described in

. Section 6.1.1. ' )
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6.3 PROCESSING CYCLE TIMES

6.3.1 _General » o . e .
| Thus far, little mention has been made of the economic feasibility -,

of the chemical processes already described. Actually, preliminary cost estimates
were made‘before final process selection to insure that there would_be no
economically unrealistic choice made. B |

The determination of processing cycle times revolves largely, though not
entirely, about the question of economics. For this reason, the major ‘part of
this section will be spent upon economics calculations. Although fission—pro- <
duct buildup is not as harmrul in a fast reactor as in a thermal reactor, this v !
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 eoonomics will be based on the use of a large cen-
tralized chemical processing facility. 'Previous economic studiesL6 bear out
that the production of relatively cheap electric pouer requires the minimisation
of fuel processing costs through the exlstence of a central processing plant . .
treating the fuel from a number of powerkreactorsq 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 . .
.effect and its‘influence upon. the core process cycle time; P, Greeblerl+7 at'

EAPL has computed an average fission-produot 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 o‘; for each group in
the final multi-group calculation were taken and averaged over the flux in

lethargy space as shown in Table 6.1.

Table 6,1

Average Fission - Product Cross Sec'tions

2 0p - 4 INT¥ ‘
Group () . (barns) (normalized) 20—;4>Au
1 ~0.029 - 0.0574 0.00166
2 0.034 0.0780  0.00265 .
3 0.041 ~0.1862 0.00763.
4 0,057 | 0,185 - 0,01057
5 0.086 ' 0,1809 . 0.01556
6 0,152 0.1359 0.02066
7 0.315 . 0.0980 . 0,03116
8 0,695 0 0.0359  0.02495
9 ws oo o 03150
’ T T ek
n 58 oo __o.0em26
ER TP T R SR . 0.237 ba.rn-" O_:_

P

To a.chieve sufficient burnup to provide two fiesion-;n'oduct a.toms for -

 each rlutonium atom in the core system would require a.bout nine yea.rs of - operation,

with 600 MW core heat production, & core. system Pu inventory of 1810 kg, end en -
80% load factor, If this situstion oxisted, ca.lcu]ations :Lnd.icate that th.e
maximum possible fractional decresse in the external breeding ratic would be
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p:oﬁided that sufficient additional plutoniun is added to the core to maintain

= _ 0,2
2.1 (1F0.26

a constantvinternal,breeding ratio. Thns,-uithxenjinitial'external 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 uill be made to acoount for removal of fission- -

' product gases, since this effect will only be about 10% and sinoe there 13

uncertainty 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 1t was felt that the
net effect of transuranio absorntion 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 Economios and Process Cycle Time Selection

Regarding_the_reector site stockplle for replacement of fuel burnup losses,

it‘wasAdecided to commence each'quarter of the.year with & threefnonth eupply

"~ and to'ellow this quantity to dwindle essentielly 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

baJance ‘was made between processing cost and lose 1n breeding credit due to }
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"chloride and urenium triéhlbride are 12¥'pér'1b

fission-product and transurenic buildup. Neglected was.the increaséd pluton-
ium 1nyentory cost with time due to the extra»ahount'required to maintain cri-
ticality as poisons build up. frelimins.ry calculations indicated that this

was a negligible factor, Chénéeé in inventory cost due_to chénges in cooling
time with varyﬁng rrocess cycle time'were also neglected,

Since the emownt of urentum and plutontum in the core msterial remains
essentially cohstant.with time, the weighf of thbsé materigls ip the oore.systém
is | |

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

At & cost of $62 per -kg.. for head-end end Purex treatment, the cost for this
rart of one core processing is - '

5415 kg x $62/kg = $335,700.

With a cost of $2000 per kg of plutonium for conversion of Purek_plutdnium

nitrate to plitonium trichloride, the cost for this part of one core’proceséing :
" . | , - _
1810 kg x $2000/kg = $3,620,000. |
Thus, the total cost for one core proéeséing‘at any time_is
' $335,700 + 53,620_,0_60 = $3,955,700. |

On a basis of one yoar, the prbcessing cost per year is

43,955,700 R
where y 1is the number of years in'the core probéssing cyocle time,

| _Each,timé the qoré is ﬁrocesged;.tﬁe qilught salts anﬁ the uranium |

trichléride must either bebreplaced or recdvéréd. Since the cost involved isb
quite émall, 1t_will be gomputéd on the basis that tﬁe salts Qill be repiaced
after each core processing. Cost figureéjobtained fqr sodium chloride, magnegium'
50,'15¢ per lb5o, and $10 per kgsl.

Using these mmbers, the cost of the core;material (not including plﬁtonium

147-




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 1is then
- §54,900 S I R
y : :
From the calculation in Section 6.3‘.2, the qx‘ber‘nal_bi-eeding ratio de-
creases by 0.017 per year. With an 80% load factor and ane( of 0,26, the re-
actor cbn,sume.s 217.7 k.gf of plutonium ﬁér year, _uaing the cénversiqn_factor
that 1,0 gm. Pu fissioned = 1 MiD. With a total breeding ratio of 1.09, the
average bregding credit per yeé.r is - | .
‘ 217.7 x E) 09 - 0.5 (0.017) y] x $15,000 .
whefe ‘agai’n’- y is the mumber of years in the core rrocessing cyoie time q.nd '
where the eicess bred plutonium is sold back %o 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 Economie Bgl.a‘nce'

Proceasig§ Salt Cost Breeding . .  Net Cost Not Cost
Cost ($10°)  ($103) Gredit (8103) ($10)  (mils/ubr)

. .

1 3955.7 54.9 | 266.2 37444 2.06 |
3 1318.6 18.3 20,6 . 11263 - 0.2 B
5 911 1.0 155.1 8700 0,36 -
7 565.1 e 9.6 43 0.26
9 439.5 6.1 4l - 4015 0.2

un o 359.6 S50 -4 3760 021

13 3043 0 42 0.0 3w 021
15 2637 3.7 =225 389,902l
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The results of the cost analysis show that 1t would be most economical
to process the core about~onoe every 10 yearn orveo. However, the core reseel
will be replaced every five years, entailing a 1ong!»reaotor shut-down period.
Thus, it was decided to process the oore material during this period and avoid

extra inventory charges during cooling-down shipping and processing,

6.3.3.3 Blanket Processing

_ To seleot the economically optimm blanket procesoing cycle
time, & balance vee made hetueen.processing cost and the inventoryvoharge on
the plutonium replacing that-hurned during reactor operation. It is essumed
that the internal breeding ratio will be maintainmed constant at 0,238 and that
the external breeding ratio will deoreese vith time from its initial value
of 0,807. | |

With a total burnup of plutonium in the core of 217.7 kg, per. year and |
an internal breeding ratio of O. 238 the net amount of. plutonium to be replaced
is ) . . |

0,762 x 217.7 kg = 165.9 kg Pu/year

egain'negleoting the extra 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 &t the beginning of ‘each quarter, the initial
stockpile every quarter wvill be '

165. 9 x 0.25 = 41.5 kg Pu stookpile |

The. average amount of plutonium inventory carried due to replacement of
burned Pu is then: . . |

41 5x [;.5 ( 3 )+ 0.5 kg Pu

where Z is the number of months in the blanket processing cycle time. The
plutonium inventory cost per kg per year is 4% of $l5 000. Thus, the total

=1/9=- -
—_—




Pu inventory cost due to burnup replaoement ie

o.oz, x $15,ooo_x 41.5 x [0.5 (Z)+0.5 ]

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

115,000 kg U x $31/kg = $465,000 o |
since the emount of uranium in the biank'e_t réﬁéins ess'en.tial.ly coﬁstaﬁt with
" time, Per year, this cost is
$465,000 x L |

In addition, the charge per yea.r for processing the blanket plutonitm from
Purex plutonitm nitrate to plutonium trichloride wﬂ.l be ' '
217.7 kg x [0.852 - 0.5(0.017) ___:l x $2000/kg.
12

The total processing cost will be sum of the two above costs. The econamic
balance &s a function of time befween blanket processing cost and plutonium - -

burnup inventory cost 18 shown in Table 6.3.

Teble 6.3
‘Blanket Processing Ecdnomic ' Balanée
-Average Pu Pu Inventgry Processi - otal

Y4 Inventory (kg) Cost (1 ()8 ) - Cost ($1 ﬁ! Jotal j$103) (mils/kvhr)
12 103.7 = 62.2 832.2 844 .- 0.49
24 186.7 11200 5961 7081 . 0.39
30 228.3 - 137.0 547.8 . 684.8 . . 0,38
36 297 - 16L.8 514.8 676.6 - 0.37
22 3.3 1868 9.7 . 6m5 037
48 352.7 216 L72.4 68,0 038
60 4357 2604 WS4 068 039

Q




{
The reéﬁits show that the economically optimum blanket processing Cyéla
time lis about three or faur years. However, as ‘l;.here is uncertainty as to
the corrosion effect that formation of Na20 in the:bla.pket will have, a shorter
- eycle time 1_s desirable.’ Thus, & blaenket proéessing cycle time of two years

will be selected, eince the increase in cost is only about 0.02 mil per kwhr.
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CHAPTER 7__ SHIELDING

7.1 GENERAL DESCRIPTION

The shielding of the réactor will consist of steel.gnd sfandard conorete.
In general,.component shielding will be omittéd; instead & campartmentai shield
will be ﬁsed for the entire reaotof cell r§om. This philosophy §f shielding
wvas adoptéd in brder to facilitate maintenance and repiacement of equipment,

Since the enfire reactot cell room will be underground (fig. 3.3), the
8urrounding earth will provide additional shielding, however this will not |

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

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

cell will havé a thermal shield consisting of 4 inches of steel and a biologicel
shield of 6 feet of ordinary concrete. The - thermal sﬁield will be made of

3 7/8 inches of carbon steel and . 1/8 inch of stainless claddipg on all éur-
faces which wili require decontemination. -Gooling of the thermal shield was

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

may be used. The thermai shiél& structure _w;n also prorvide.' .the foundation

for the stesl containment,iessel over the reactor plant. ‘The bioiogical éhieldA
will be made of 6rﬁ1nary conorete; all special cqnqreté§ Qere-reJ§cfed due to

52
their high costs.
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7.2 REACTCR SHIELDING CAICULATIONS

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 7.1
o leakage Neutron Energy -
A _ S : o (neutrons)
J(Group No,) -~ . = . . B (Mev) - - . leskage( sec )
0l B ‘oo =2,23 o © 243 x 102
02 ‘ ‘ v 2423-1.35 49 x 108
037 © 1,35-0.50 : ' » 21.7 x 10
04 o 0.50-0.18 - 20,7 x 108

' 5 2
The leakage surface area of the reactor is 2.3 x 10 cm . This results
in a leakage flux of 1.0 x 103 2.1x 103 9.5 x 103, and 12, 6 x lO3 neutrons
per cmg per sec for energy groups 01, 02, 03 and 04 respectively. Thiszleake

age flux is extremelyvsmall, hence the gamma rays will be the;determining

factor in the design of the shield.

" 7.2.2 Gamma Ray Shielding

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

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

capture'gammas, and inelastic scattering gammas.

The number and'energy'spectrum of the prompt fission gammas per fission

is given in TIDi-'7004. By using the following equation, the number-or gammag

in this reactor system is‘determined:‘
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Noy= 312 0™ (&) ()
The power density P(r), wes taleen as 167 watts per c.c. the average power density
in the core. | |
During operation, gannnas are given off by the fission products. The mmber
and energy spectrun per fission ie given in TID - 7004. Age.in the avera_ge‘
pover density of 167 vatts/c.c. was used. .

- Gaxmas are produced due to captures in the core vessel and the lead re~
flector. The core vessel was assﬁmed to be steel. Using the average thermal
flux in the core vessel as glven by the Univac reeults, the cross;section for |
capture and the photons of va.rloue -energies produced by captures, the mmber
of gannnasvproduced was calculated, Using the same technique, the seme was done
for the leed reflector. |

Inelastic scattering gammas are produced in the core vessel leed reflector,
and in the blanket, Since the high-energy gammas are the most difficult to
shield, lnelastie scatterings of only the two }iigheet neu‘tron lenergy-groups
,vere calculated. A major assumptlon’ was made concernin'g the energy of the

gaxma yproduced. Sin_ce very meager informatien exists as to the mnnber and

" energy of inelastic ecatt‘ering-gemmas, 1t ves f'eesumed that the Ol neutron energy

group produced a aingle 10 Mov: ga.mma and the 02 group, a single 2.2 Mov gamma,
It is realized that thisg 15 a conservative aesmption.

-The energ spectrum ot all gamme.s produced w:lll be approximated 'by Lour
energy groups 3 2.0, 5.0, 7.0 and 10.0 Mev. “The photons produced of energy less

than 1.5 Mev were neglected; ell othere vere averaged into the: groups above

A further spproximation is that the ‘source of:gammes other then core §'s, vill o

" be taken as located at the outer surface of the lead reflector. The core was

assumed .to have self abeorption’and some attenuation is produced. Below are
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listed the number. of gammas produced:

sec-_-cm2

Table 2

Gamma Ray Sources

o : ' otons
Source _ : Ene Mev) - C . - gec

1. Prompt Fission - Core 2.0 S 3a1x108
| 50 3.3 x 1012
2. Fission Product — Core - 2.0 ' . 12x10%
3, Capture ; Core Vessel 2.0 J 2.9 x 107
| | 50 . 7.0 x 107
7.0 —_— 6.4 x 107
10.0 1% 108
Pb reflector | 7.0 . 1l.6 x lOé
L. Inelastic Scattering | |
| Core Vessel 2.0 . L6 x»lO9
10.0 ~ 1L.0x 100
" Pb reflector | 2.0 2.9 x 10°
1.0 46 x 10°
Blanket - . 2.0 : . 7.8 x 10
10.6 : 3.7 x 1012

Since the 7.0 Mev gammas were much smaller in mumber than those of other
énergles, they were considered unimportant. This resulted in theAfollowing

total surface sources of gamma rays.
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Table 7.3

Totél Gamma Source

.Energy (Mev) . cm2 - Sec )
2.0 | . 1.5 x 104
12
5,0 - S 3.3 x 10
10.0 - o . 3.7x 10"

v

~ The gemmas are attenuated through the blanket of UO, and Na, the carbon
moderator and reflsctor, the air(which was negleoted),'and the sﬁield of stéel
and concrete. Tﬁe spherical source was converted to a monodiréctional infinite
plane source and the attemuation cdlculations were performed using the appro-
priate equations. For a detailed analysis of the shiaid:lng qal'culations, soe
Appendix B, |

. Tt was réund that 4 inches of steel and 6 feet of ofd:lna.ry concrete‘or
in the case of tﬁe top shield, the 1.75 feet of steel results in a radiation
dose less than the maximum permiésable dose of 50 mr/hr. This dose of 50 mr/hr
_was tsken as the maximum permissable dose s;nce .no one will be required to |

spend more than 2 hours per week in ab.radiat:lon area, 'This would give the per-

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

pefmiasable_; dose designated by the Atemic E'nergj Commission,
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CHAPTER & ECONOMICS
8.1 GENERAL.. .

The reacfcr power cost of 6.5 mills/kwhr as presented beiow, compares
favorably witﬁ conventional power cost. It must be reélized houever that, in
spite of éffofts to - be on the conservative side, there are a numﬁef of un-
certaintiesfwhich when'resolvéq might substantially change the total cost of
regctdr.powar.r o o P u-:,_ .
. A considerable uncertainty exists regarding feliability.- The design is .
' bas;cally-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_uere based on a large projected
.ceqtralizedvchemioal-plant ard might be revised upwards in actual,expefienoe.-
The cost'of operation and maintenance arefarbitréfily,arrived atﬂsihce

no eiperience is available. (See reference 56 and 57.) .
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8.2

CAPITAL COSTS

The capital costs were predicated on the following assumptiqns:

1) Cost of meterial and febrication

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

2) Cost of Installetion ' . _

| Piping o B | -100% of ﬁateriais énd Tabrication‘
Vessels, Tanks and Heat Exch. 50% of materials and fabrication
Pumps I © ' .25% of materials and fabrication _

3) Overhead and Contingencies ' - 40% of 1nstalléd cost

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

plent,

_TABIE 8,1
EQUIFMENT LIST AND CAPITAL COSTS FCR THE REACTOR PCRTION OF THE PLANT

DESCRIPTION - ' . © 'MFR, COST ' - INST. COST

ITEM :
Core Vessel 73°1/2"0,D, 1/2" Wall $24,000 $36,000
Core Piping 24%0.D. 1% Wall .. - $25,500. - 38,300
Core Heat Ex. 3500-1/2" Tubes -~ - .- $390,008 -~ $660,000
Core Pump . . 2750 GPM 140 FT Heed - $350,000 $437,000
Core Dump Tanks _ 3 . - L . :

With heating -~ =~ 250 FD” - - $.8,000 - §72,000
Core Dump Piping ... . . .. .$w0,000 $20,000
Core Injection Pump - 1 GPM 80 FT Head -~ $§3,500 - -~ $4,400
Core Fill Pump 5 GPM 80 FT Head . $3,500 ° $4,400
Blanket Vessel - 120%0,D, 1" Wall - $162,000 $243,000
Blanket Piping. . .- 20"I,D..1/2" Wall - . . §6,700 .~  $13,400

" Blanket Heat Ex.  1570-1/2" Tubes . §83,200 - $125,000
Blanket Pump 28500 GPM.176 FI, Head .. -$300,000 $375,000 .
Blanket Rem. Eqpt. - . ' ' . $50,000 $75,000
Blanket Fill. Eqpt. L . $75,000 $94.,000
Sodium Piping 4210,D, 1/2" Well - $99,000 $198,000
Sodium Pumps 4-28,500-GPM 65 FT. Head ~ $1,000,000 $1,250,000

: =159~

— .




_ TABLE 8,1 (Cont.)
| ITEM ~ DESCRIPTION

Boiler - 24,00-1/2" Tubes
Blanket Graphlite . '
Blanket Lead

Blanket Uranium

Remote Repl. Eqpt.

500% Stack

Instr. and Controls

Steel Shell . 60 FT, Dia 1* Wall

. Reactor Crane

Reactor Building-

Emergency Cooling

Sodium Dumping

Pressurizing end Venting System

1) Life of core heat exchanger 2 years.
‘Anrmual fixed 'éharge = Inferestftax-{- depreciation =

MFR. COST -

$410,000

$110,000

- 8,3 LIFE OF EQUTPMENT AND ANNUAY CHARGES DUE TO CAPITAL COSTS

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

~ Annual fixed charge 6+6+20 = 32%

3) Life of reactor plant 10 years.

‘Annual fixed charge = 6 +6 +10 = 22%

L) Life of turbo-generator and gemeral plant 30 years

‘Annual fixed charge: 6t+6+3 = 15%

8.3.1 Power Gogt' Due to Capital Cost

INST. COST
$615,000
$50,000
$10,000
$126,000
-$400,000
$5oo 000
800,000
165 000
$30,000
$75o,ooo
$500,000
$300,000
$400,000

616450 = 62%

1) Gore heat exchanger $921.,000 based on- two years life.

Q"ggé x 107 x 0.62 = 0. 314 mills/kuhr

1.82 x 102

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

$3,090,000 based on & five year life.
2;92_5;;9345_9;32-=-0.544 mills/kihr
1.82 x 10 o , '

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

7.52 x 107 x 0.22 _ . 0.91 mills/kwhr.
1.82 x 109

4) Turbo-generator and general plant at 105 $/kw.

1.05 x 10° x 0.15

= 2.25 mills/kwhr.
7 x 103

Total power cost due to capitel cost:

8.4

4,018 mills/kuhr

Equivalent capital cost:. 7 x 103 x 4.018 = $187 /i,
- 0e 15 :

FUEL INVENTQRY CHARGES -

,1) Plutonium inventory in system 1,810 kg.
Inventofy cost at 15 $/gm. Pu 1,810 x 15 x 10° §27.1 x 106
Inv‘entofy charge at 4% = $1;085 x 1()3

2) Plutonium inventory (Average)

Supﬁly to the core 104 kg. ' ‘ N

‘ ih&entory cost-104 x i5‘x 103.--51;56 x 10_6
Inventory charge $62.4 x 103 .
5) Power cost due to inventory charges

Total imrentory ‘charge § (1,085+62.4) x 103 /1,11,7.4 x 10°

Charge per kwhr. L1474 x10°  _ 0,630 nills/kehr.
- 7 x 10° x 260 x 10° S
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8.5 FROCESSING COST SUMMARY

. 8,6

1)

2)

3)

The salt will be processed every fiv;a y'ea.x;s. :
Cost of ;n-ocessing uranium and plutonium with salt 62 $/kg.
Cost of replacing salt: $1. '73/1b. ' '

Total weight of waniuwm and plutonium ':ln fgalt 5,15 kg.
Plutoniun processing cost at 2000 $/kg. | .
5,415 x 62+31 770 x 1. 73+1,810 x 2,000 = § 4,011 000.

Gore processing cost: 4,011,000/5 « 802,000 3_/yva_ar

The blanket will be ﬁroeéssed every gecond year.
Cost of processing paste 31 §/kg. of wrenium.
Plutoniun processing cost: 2,000 $/kg.

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

15,000 x 31+184 x 2,000 = $426,500.

Power cost due to processing:
Total ]irocessing charge: 802,000+ 416,500 = $1 £18, 500

Charge per kuhr: 1:285x 109 . q. 67Tnills/inhr.
1.8 x 10 :

CREDIT FCR EREEDING

Breeding ratio: 1,09

Plutonium gain per year:' 10.3 kg,

Credit per lhr: 10,3 x 15 x 10° _ 4085 mt11s/urs

1.8 x 107
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RS .

ay

8.7 OPERATION AND MATRTENANCE

We assumed & one mills/kwhr‘power cost due to operation and maintenance.

N

8.8 COST SUMMARY

.~ The cost of ﬁfocuding.electrical power by the system reported upon here

is shown in Table 8.2.

 TABIE 8.2

TOTAL POVER COSTS:
Cepital costs \ o 4.018
Fuel inventory ’ 0.630
Processing o 0,670
Credit for breeding -0,085
Operation and maintenance - 1.000 .
| Total cost: 6,233 milé/kuhr.
,
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CHAPTER 9, RECOMMENDATIONS FOR FUTURE WQOREK

9.1 GENERAL _ | )

. In order to determine better thé technical and.economic fbasibiiity of
a fused-salt fast power reactor system, an extensive program of research and
.de#elqpment would be‘necassary. The following sectlons suggest-gréas.in which
.»important contributions can be made toward thé advancement of thé fused-salt
reactor technology. A _
It is realized thatvsignificant technical efforts in oertain.study Aréas
.mentioned mayzcurrently be in progress. However; lack of knowledge of this

work prevents inclusion here,

~16/~
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9.2 ENGINEERING

To increase theAfeasibility of # fused-salt reactor for power production,
development programs should be conducted to perfect valves and variable capacity
pﬁmps for use in circulating fuel heat exchange loops. To improve the.basis
for the uée of once-through boilers, it would be mosﬁ helpful to have better
data for'the prediction of_pregsure drops and heét transfer coefficients fof
-two-phasé aqueous flow in such boilers.

To treat fhe problem of heating in é volume which has gamma-rajs being
produced in it and is exposed to a ggmma-ra& source, better analytical methods
correlated with experimental data are'reguifed. |

Further 1nformafion i1s needed on the fbasibility of making the bianket
paste of sodium and uranium dioxide or other higﬁ solid contqnt slurries,
'Additional data on concentrations 6btg1nable would also be desirable, as waald.
information on the characteristics of équipmept used to achieve such high con-

centration.
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9.3 MATERIALS

'Pfogress‘in the fused-salt techﬁoloéy necégsitates extensive experimental
Qbrkion sait'syatems. Fhase diagrams for ternary and quaternary chloride
' systems containing fuel are almost non—existent and sre badly needed. Like-
wise specific heats, viscosities, thermal conductivities ‘and other ;hysical
properties of fUSed-gait mixtures sre required to aralyze possible reactor
.syﬁtems. | » |
Information on tﬁé ﬁhysical properties of high density oxide slumriés

in sodium should be obtained, The corrosien caused by the presence of ¥a,0

. in such & élurry should be investigated, as should possible remedial techniques

such as addition of anti-oxidants. A

Both static and dynamic corrosion-rate data on fused salts in various
structural materials, especially the new nickel-molybdenum elloys, ‘should be
taken in the tehperature range from 900-1500°F. The effects of mass transfer
in heat exchange loops made of these ﬁétérials should be assessed e;perimen-'
‘tally with long-time tests. Scale coefficients of fused aaits in different

. materisls need to be determined.

!
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9,4 CHEMICAL FROCESSING

To eliminate or reduce the requirement rbr aqueous processing, it yould

be edvantageous to investigate'the continuous or- semicontinuous removal of

~ volatile fission-products chlorides by distillation from fused chloride mix-

tures containipg uranium:triohloride. It might also be worthwhile to consider
fhe oxidation oflUCI3 and Pu013'to UC1, and PuCl, to effect a'gross'sepa;ﬁtion
of fuel and fertile material frdm‘fission-p;oduét and diluent chlorides by
distillation of the more volatile tetrachlorides.

In the case of fused salt mixtures irradiated to 50 or 100% fuel burmup,
studies should be made to ascertain the effécté of high fission-product con-
centrations on-'mixtin-e; properties. Although precipitation and depo‘sitibn
right occur; this might'péssibly ﬁe employed as a method for removiﬁg insoluble
fission-product chlorides from a side-stream which is cooied“and filtered.

’Eiperimental work should be done on the aqueous processing of fuels con-

taeining high concentrations of fission products and plutonium. Recycle of

"~ a diluent uwranium siream to simplify the chemical and criticality problems

involved should be investigated.

9.5 REACTR CONTROL

"

Further caleulations of the Doppler effect should.bé carried out to
determine whether it is positive or negative. A detailed study of possible
reactor accldents should be madé in order to define better the control problems

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

Many of the cost figures used in making the économic Studies in this re-
| bort are baged on the arbitrarily standardized numbefs. In addition, other

: figures have been‘assumed'with_rather weak basés, due to the lack of good cost
information. Thus, further 1nformatipn'deveioped in the future or new AEC
"decisions maey change any or ail of the cost figures._

In order to determine tﬁe.feasibility of a fused;sait reactor system which
will be constructed and operated at some time in the future,. 1t will be nec-
essary to make nore vﬁlid econamic projections in time if any truly realistic
cost study 18 to be made. The ability to do this will depénd largelybubqn
changes in tﬁe amount of govermment éégulation in the reactor field, which

are difficult to predict.
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APPENDIX A - ENGINEERING CAIGULATIONS

A,1 CIRCULATING FUEL HEAT EXCHANGER

Total heat load™. Q = 600 M{ x 3.413 x 10 BIU_ = 2.05x 107 pTU
MWER

) - HR
g - - 109 6
Fuel flow Wf = Qe =2.05 x 107 = 342 x 10 1b
At x Cp 300 X 2 hr :
o L
Fuel area at 20 fps fuel val.,Af Wf 34.2 x 10% = 3.06 £42
SV 155 x 20 x 3.6 x 10°
Sodium flow WN = Q = 2,05 x 109, = 45.5 x 10_6 1b
oL At xC 150 x .3 "~ hbr
Sodium area at 30 fps Na vel. Aﬂa = wHa = 45.5 x 106 : = 8.43 ﬁ;
. SV 501(30:!36::103
Tube area per ce% T r? = 1.57 x _.202 = .0628 inch
Cell ‘“‘ea) A ""_Ln X L0628 = 48'+8.43 x L0628 = .272 inch
: 3.06
Tube spacing‘a =]:272 ' & .792 inch
433 ‘

Tube clearance, ,792 ~ .500 a .292 inch which 1s adequate for welding.

Mumber of tubes, Ap o = 3,06 - -:'3,500.
i dt‘“ «1255/144,
P . _

6.72 x 3.6 103=4.81.' ,

8 :
Prandt1® mumber for fuel Pr = ,L( v
], —'2— 1x 1

12::672

Rey'noldss mimber for ruel,ne { 40 X 20 x 155 x 1o3 = 15.4 x 103

vNusseltB number for 'fuel’Hu = .023 (Re')‘s' (Pr), G .023 x 2190 x 1 88 . 94,8

Heat transfer coefficient for f.u'ell}l h= K B 93 :2’{90 Btu/'hr ft2°F
f . ‘ 2
Heat transfer coefficient for tube wall,h = K = 12 . - 288 Btu/hr ft °p
, e t T.050/1I2° B
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: -Equivalent dismeter for sodium D, = 4h = 4 X .19k = .99 inch
b

x W25

Prandtl number for sodium Pr = !‘ 3 x 1,53 x 2,6 x 10 = 4. 35 x 10 -3
38 x 1

Reynolds mumber for sodium Re = DeVS = ,9 x 30 x 50 = 810 x 103
. M ©12x 1.53x 10 .

(¢9)

Nusselt mumber for sodium, Ny = 7 +. 025 (PrRe) 8 =7+ .025 x 871 = 28,8

'Heat transfer coefﬁ.cient for sodiun h = K Fuz38x 28,8 = 13.3 x 10 Btu/hr ftzoF
. »99/12

7 "%

Overall heat transfer coefficient,
"1 =4 A : o
= °o_3 0 +h l =

u‘
heAy B
u = 1,100 Bt hr £+2 °F

1,25 111 4 _
2,790 ' 2,880 ' 13,300

Mea.n temperature diff’erence At = Aty - Atﬁa - 300 - 152 — 216°F

t/At 00
nAf on %5.5

required tube lengthl L= Q where
UA &t

A=N T D =3,50x ﬂég_): 458 £t2/et

L=2G x109

= 1808 ft
1,100 x 458 x 216 )

' Pressure drop8 through tubeaIAP.r' = :fVZ _ 5 L

Relative roughness = .00014 and friction factor f s 028

£ -
D

APT X400 x 155 x 18,8 = 15,200 1b/et2 = 98 ft
. 64 4 x 400712 _ .

‘Entrence and extt loss, (K, + K, ) v2 = 1.4 400 = 8.7 £t

Total pressure drop through-heat exchanger 106,7 £t
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: Minimum allowable tube wall_thickn_essl9

t = DP where P = 150 psi and from ASME Unfired Pressure Vessel Code at 1350°F
- - . 2S N . .

allowable stress, S = 3,000 psi ‘t = .5 x150 = .0l25"
. 2 x 3,000

Fuel hold-up in heat exchanger

VF = N’l‘ ‘!Tp_z_ x L+VP, where plenum ohgmbers volumg

TPElethy x2xl-3.06413,58 x2 x 750z 124 £
.2 :

. 2
‘ Vp = 3,500 x Tx 40° X 18.8412.4 = 57.3+12.4 = 69.7 £
. . 4 x 1b4 . :
% - Héat capacity of heat exchanger '
C = Vy §Gp 23,500 x __ T (.52 = .40%) x 17.9 x 498,12 = 1,840 Btu
' ‘ ' 4 x 14k : °F

Eh
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| APEENDIX A,2 CIRCULATING FUEL PIPING AND PUMP

Min S.S. pipe vell thicknesst? ¢ = DP
25

‘ vhere P = 150 psi and from ASME Unfired Pressure Vessel Code at 13500 alloweble

strass S = 3,000 psi

=224 x150 = .600" use 3/4" plate

2 x 3000

. Total Pipe Wall .75 SS+.25 Ni~Mo = 1.00" .

- Fuel velocity in pipe Ve = W. 6

i =3%2x20° '.-232f.p.s.
S 155x264x36x103

Equivalent pipe length: Straight pipe + 1 ell+2 tees +1 expansibn'
Joint = 3'4 50%+ 2 x 120440 = 333" -
Pipe pressure drop A Pp = 7° St

12 x 6,72

Re = DVS. = 22.x 23.2 x 155 x 10° = 980 x 10°
T

Relative rdughnéas € _ = .00007 end friotidn_faofor f - .013
769 % |
P L013 x 380 x 155 x 535 x 12 = 3,180 1b/e%? = 20.5 £%
BCVVAE 3T ‘ A D _ k

Developed ripe length: straight pipe +1 e11+2 tees +1 expansion joint-+
+pump = 3% 3,15%- 81425+ 4" 20.65' : :
Fuel holdup in piping Vp = 20 65 TC 2&2 54.3 ﬁ;s

. L 4 :

3
Total fuel. hold-up core + exchanger +-p1ping = 116,54+ 69.7 + 543 = 240.5 f

Total pressure drop of core and external cooling system: -

Core.head loss+éxchanger head loss +piping head l'oss : 12.4 +106,7+20,5
Hd =139.6 ft = 150 psi

| Pump horsepower - ‘Yg x Hd 3=34.2% ].06 x 132‘,63 - 3,220 HP
: , N=x33x10 .75x60x33x1
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APPENDIX A.3 BLANKET HEAT REMOVAL

o

Region 1: |
e . For a core power of 600 MV operating on a 80% load factor, there will be

175 kg. of plutonium bred per year. Thus at years end, just before prooes_s'ing,

the largest amount of power will be produced in the blanket. |

In blanket region 1 (neares_t 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 |:102.8)3 - (95. 8)3]

_‘ : 8.67 x 105 ce.

=0
t

= Plutonium density of region 1 = 70.2/ 8.67 x 105

0.0810 gm/cc.

0r, = mean fission oross-section in region 1 averaged over the flux = 3.87 barns.
— | . -1

Sp1= (P¥/NEp < (0.081 x 0.602 x 3.87)/ 239 = 7.9 x 107 on’

From Univac data: I 1 =128 x 14° (Frem Section 4.4)

Vi d? 1

2 8.67x10° x 7.9 x 107 x 1,28 x 10

0
o)
!

= Power in region 1

15

8.77 x 1017 fissions/sec.
25.3 W i

Now from the nuolea.r caloulationsx _

. P = Pover due to U(238) fisaion < 15 8 My,
- Pl = Total fission power region 1 = 40.8 MJ
For a conservative oalculation we will take a total power in region 1 as

i. . 60 Mw. This will include fissions, neutron moderation, and gamma heating.

Q= 60 M. 22,05 x 100 BV .
Wy = Q/C AT = 2.05 x 1o§/o;3~~x -15c_5' = 2,55 x 10° 1v. /o,
‘ =173 .




b=
]

= Total Na flow area = wNa/f’N&v = 4.55 x'106/ 51 x 30 x 3600

0.826 £t

Using 1/2" 0D tubes with 50 mill walls
 - Flow srea per tube = TTD /4 =Trx 0.1.2/ 4Lx Uh
- 0.000878 £t° |
¥ = Fumber of tubes = Ay/ay = 0,826/ 0,000878

= 940 tubos. - |
Using three rows bf tubes 'equa.liy spaced we l;ava 314 tubes per roi,r'vifh the
tube centers on & 97.3, 99.3 and 101.3 em fadii.‘ In the fﬁét Tow the tubes
are on 0.775" centers s 0.79% centers in th'é second row and 0,805% ceﬁteri in

the third row. Applying ‘aecAti‘on 3.3.4.1

Row r,  U(BTU/hr-p£-OF)
1 0.500 - 1285
2 0,445 1430
3 0,500 1285

Therefore U « Average U= 1330 B’I‘U/hr-f‘t% _ |

The effective length of the tubes is eight feet. . L o
&), = Heat transfer area per tube = (Tx 0. 4 x 8)/12

0.838 £t

T -Q/Uuah-205x10/1330x91.0x0838-196°r L
' Thus the maximum paste tamperature will be 196 °F abova the aodium coola.nt

or an upper limit of 1396°F._

Reglon 25 .
- In blanket region 2, the bréeding ratio 18 0.404. Thus there ere 70,7
Xg. of plutonium at-the end of & year of operation. : -
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(4/3)1r{}i29.3)3 - (115.8)3]
2.56 x 106 cc.

= 70.7/ 2.56 x 100 = 0.0276 gm/cec.
0F 2 = 10.0 barns
T, = ((Jzuo/A)o_ = (o 0276 x 0.602 x 10)/ 239
_ . =69x 10 cw o ‘
352 - 1.69 x 10%
Py = 2.56 x 10° x 6,96 x 10™ x 1.69 x 1014

3,01 x 1017 fissions/sec.
8.7 M. -

P - Power from U(238) fission = 1.1 Mu.

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

40mw. = 1.375 x 108 BTU/hr

o
n

1375 x 108/ 0.3 x 150 = 3.04 x 106 1bs /hr.

=
5
1

t-

3.04 x 105/ 51 x 30 x 3600 = 0.552 £t2.
= 0.552/ 0,000878 = 630 Tubes, . -~

-
]

Usipg'three'rowﬁ ofvtubes;_welﬁdvé 210_tuﬁe§ﬁref?row'with their centers on-
131.6, 136r and 140.6 cm. radii. In the’ first Tow the tubes are on.1,55% centers,
1.6" centers in aecond row, and 1, 66" centers 1n the third row.

Applying section 3 3 4.1.

Row '1'2 S "".V}J__(B'I"U'/‘hi-ffz?F) )
1 0.935 O

2 090 . - . T80

3 o095 o

- =175




Therefore, U = average U = 780'BTU/hr—’ft3;°F
The effeotiva length of the tubes is 10",
&y 7 (0.4) x 10/ 12 = 1.045 P42,
| "4T - 1.375 x 10 / 780 x 630 x 1.045 = 268°F- '
- Thus the maximum paste temperature will be 268°F above the sodium coolant or

an upper limit of 1468°F.

APPENDIX A.’z, BLANKET HT, EXGR.

! - This is a sodium to sodium counter-flow heat exchanger. Najy repreSents

.the pcrima.ry bhnhst ‘coolant and N82 represonts’ the secorndary coolant

| Q = 100 My = 3.41 x 10° Bty
| br

o o 8 .. .6
Wygy= Frimery Na weight flov = Q . - =3,41 x10 = 7.61 x 10 1bs
CpATNgy «3 x 150 . hr

tube flow area = W. :
A = veree = YNay _7.61x10°  -1.38 £t?

Nay Na; 51 x 30 x 3600

where VHa was taken at its meximm "safe" value of 30 f‘l‘../z;ec:.:l'3
1 e ) ,

Using 0.5" 0D tubes on a triangular pitch with & 50 mil wall

&p = flow area per tube - ot = (.4 22 = 0.126 in. : 0.000878 rt?
B 4 : 4

i ‘ . ' )

;, : N = no, of tubes = AT al38 =157

e .000878 :

" No. of cells =28 -_-, 310
. 6
Wyg2 = secondery Na weight flow = _ . Q = 7.61 x 10 lbs

CPATNaZ' ’ br
A = secondary Na flow area = wNag < 7,61 x 106 e 4,22 ftz.

@Nag Vgaz 50 x 10 x 3600

- | o am




In this case V was taken _ét» 10 ft./sec. in order tb_ allow sufficient_

Na2
space between tubes for welding in the tube sheets.
8, = flow area per cell = As = 4.22 x 144 = 0.193 in. 2
2§ 3140 '
= 0433 a - 0096
. ) : - i ?
a = 0.815" on tube side C N
A 0?
ReNal = EDeVNal ‘ | ; v .
- M ‘
= 24 x 51 x 30 x 3600 = 348,000
12 x .53

Prya= OP/AY _ 3% .53 - .00425

X 37 a= o.p15"
My g =7 2 (RePr)°® = 7T+l (348,000 x .00425)
a 40 , “40
- 1505
o= Nupggy |
Nal = Naly - 15,5 x 37,4 12 = 17,300 BIU
m .4 . - llrnft
On shell side-
De = 4A = 4 x 1 xz 0.982"
TP _ w’i.s) .
Rem&2 = 982 x 51 x 10 x3600 - 218 000
12 x .53
Pryg, = 0.00425
'N‘haz s 7+.1 (218 000 x . .00425) = 13 5 ‘
- 40 . ‘ - .
S 135374 122 6,170 B Baéil.ng-ov.;ei:f-allv coeffiotent
re2 -982 hro£6° OF T

on outside areéu’- and a stainless steel tube.

S Ao 4_'A°'8
U hy 41 ' kAw

AT




-5 +a5x05 41
17 300 x .4 12::12: 45 6170

U-1,,85 _ ETU
hr. £t °F

MID = Log vmea.n teniberaf.ure differénée -_; 150°F _
‘A = heat transfer area = __Q = 3,41 x 105 - 1530 £t2
vAT 1485 x 150 :

'L = tube length = .__A = _ 1530 12 = 744 .
- -~ TN, 1570 x <57 -

Total shell area = 2N(As+1/24.) = 2 x 1570 (,193+,096)

‘ ) 4- 6.31 ftoz
Inside shell diameter = 2.8 ft. o
Using a 1 steel shell of 316 stainless steel

Outs:lde she]l diameter = 3,01 ft.

APFENDIX A.5 BLANKET PIPINGS TO FUMP

* Pressure drop in blanket tubes for 1/2" (D, with 50 mil wall.
N, velocity taken as 20 ft./seoc. |

Mean tube length = 12.6 ft.

o=_(CDeV =51 x ,4x20x 3600 = 233 000
7 12 x .53 .

_E& = relative roughness = 0,000L
D o

f - friction factor = 0.017'

APT-f V2 L =017 x20° x12,6 12 = 40 ft.
S 2gne T2x32.2x 4

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

velocity head loss.

2
APB - _20 = 6,22 ft.
. 2 x 32,2 . o

-178=. i
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4P core zAF, +APB = 46.2 ft,
Pressure Drop in Core and ¥eat Exchanger Plermms

We took the worét possible entrance and exit éonditions - sudden expansion
and sudden contraction. | _ , |

K exp = 0,55 ~ K cont = 0.37

for 2 entrance and exit plemms

K = 2(K exp#X cont) = 2(, 55+.37') 1.84

Ar, =K ¥ o828 - 17.9 1t
28

2 x 32,2
Pressure Drop in Comnecting Piping

Inside pips diam., = 16.3"v

Na veloocity = 30 ft./sec.

Using c§1’mnercial__ steel pipe .' »

Re = 1,36 x 30 x 3600 x 51 = 14.2 x 10°

«53
_§‘,= 0.00009
D
f z 0,012

total length - 10.67 ft.

4r = .012 302 x 10,67 R P

213221163

Pressure -Drog 1n£2_[bo' : ()

B =1,5 (designed 80) .- -
D | v. -
€ - 0.00009
D .
-

© wl9-




R
30
2 x 32 2

K —-

Pressure Drog in Heat Exchanggr Tubes

"Re = ,4x51x30x3600 = 348,000
12 x .53 RN ’

0.000L

0.016

2g

Ty t:"ht

=.016 300 x74x12

ar
HE 2 X 32.2 X +4

L*
D

Pressure Drop in Blanket Tube Sheets
0.364
' . Expansion Ke = 0.4

A Pee =

Area ratio =

‘; 04 292 i - 2.5 f;b. .

Ke -
» 2 x 32.2

2g
Contraction Kc = .34

A Pce = Ko V2 - - 034 - _2_____ p—r Los ft.
- 2g 2 x 32.2 .
e ) Exch : T e

Area ratio = 0,245

~

. Expansion Ke = 0,55

AP - Ke V2 = «55 ,3 = 7.7 ft.
Hp 2g 2 X 32.2 ,
Contraction Ko = 0.37
AP =Ko _V° __ =.37 30° e 5.1 ft.
HE, © - T2g 2 x 32.2 S

AP = Total Head Loss = 144.7 £t. = 51.2 psi-

Teking 80% efficiency'of the“pump

HP = pump horse power e 175 x x 7,61 x 10° = 960
60 x 33 000 :
Thus use & 1000 HP.pump, :
- ~180
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APPENDIX A.6 SODIUM PIPING AND PUMPS

a) Pressure drop through heat exchanger
=£V JL _ where Do =99 inches and Re = 810 x 10°
2 ' '

D,
Relative roughness € = .00006 and friction factor f = .012
‘ D _
PPE - 02x900x50x188x12 = 1,910 1/rt? - 38.2 ft.
6.4 x U.99

b) Pressure drop through piping

= _f_v_a_ S L ﬁhere De - .42" and B-e: 34.2 1106

Relative roughness € = .000045 and frict:lon factor f = .01
. D ' '

A ,01xgoo;c50xgoo:c12 4001‘b/ft =8 £t
6.4 x 42

¢) Pressure drop through boiler

Qz f_ uhereDe;ZZZJRe-128x106

Relative roughness E = .000025 and friction factor £ = 011
D .

4py = z011 x 400 x 50 x 50 x 12 = 924 1b/ft% = 18.4 £t
. .4. X 2.22 . . 5 ’ v
d) Total pump head : o | ‘ -
38.2+8+18.4 & 64.6 £t
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APPENDIX A.7. CORE VESSEL AND REFIECTCR HEATING

Gamma Sources and Heating

/

(20)

Handbook. The prompt gammas were eetimated using the equation.

Sv (Photons) = 3.1 x 1010 N(E) P (r)
BSec ~ 3sec ) -

‘N(E) = Phdton/fiasibn of en‘ergj E (20)

. P(r) = Power density (watts) .
Com? on3 )

‘ The pover density was assumed constant and equal to the a.verage of 16'7 watts/

om? for temperatu;'e rise calculations.

A ‘.The decay product gammas were estimated assuming an 1nfinite operating
timo and the averaged power density, This gemma spegtﬁm was also found in
the Reactor Shielding Handbook. (20) |

These ttro sdurces yielded a volume sotrce of gemmas of 7'7.6.x 1612
hotons, of a.verage energy l.33 Mev, having the energy spectrum as ahown in

cm3sec
Figure 3.17.

The gammea heating in the core vessel and lead réflector due to this source.

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

approximation ylelds the equa.tion:

g G(;;) "Sx (F) E y(r,) an(, ,@),74' e-[z My Ary
dv(r

Y ‘= Volume Source (photons/cm sec. )

G rad

P(E) = Energy distribution of photons

P _n_(o( ﬂ) e probability that a photon will be emmitted into solid angle d_r_

-182-

The gamma sources were estimated by methods g:lven 1'n' the Reaotor Shielding
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( 1 for "sphericel source.)
I
2
Sy & 1 -//'e E, P(E) dE
By _/¥R(E) aE

Assuming a spherical source the generation ra.te vas found to be:
G (r) = B E// e-zﬁe‘ AY:-#Z/« Ay[—/fegid

i

—,z,zm.f (A zm>+za E (A z oy, )]

ey A
/——b——
@ 42
b / et at
A —5z

t=b f’

.

=
n

With' the use of thie equation' and the estimated energy absorption coefficients

of ‘the_ salt fuel,'Figure 3.18 and stainless 'st.eel, Figure 3.19, and Pb(ao) the

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

rate is shown as a function of dista.nce through core vessel and lead reflector

in Figure 3.20. The averaged. genma, heat generation rate was. found to be 3.29 x 10 13

Mev ' 13 ’
P v in the core vessel ami 1A 59»x. 10 zzevsec in the ref?_ector..

Neutron Sources end Heating o

, The neutron sources were ‘taken to be the averaged integral fluxes

in a specific enery group, as given by the Univac calculations ’ over the core
vessel end the lead. reflector._ Using these averaged fluxes the average heat
generation rate vas then celculated for the specific neutron interactions of
elastic scatter, capture, e.nd inelastic scatter. The ganms. source due to

neutron cepture and inelastic scattering hes been neglected..

-183-




The heat gemeration was calculated for neutron capture in each enei'gy
group by

z“(z>¢<s)n:sc . | -

energy transferred by neutron/incident m

5

M+m "
m = neutron mass
' M - target mass
FE) - SSEF & ]
j d3r
£ = average energy of neutron in the gfoup =
g gy '
ZAc = capture cross-section, em™! . » |

For neutron seatteri_ng in eachA energy group the heat generation equat_i'on becomes:

6 = ZAé.(ﬁ) ?5(5)5_53

. 2 ' _ v
'SS = 1l - (M - m’ ' ‘ . .
+ m . .
A similar equation was used for heating due to inelastically scattered neutrons:

G 5, ® @(E) E §

,g1=-%- lr(l- z

G

(21) - o -

1
.-itm
-—:I m!

*i

TZ = Nuclear Temperature

Applying these equations over the five neutron energy groups having ' ’

average energles of 3. 75, .1.82, 0,92, 0,34, and O, 12 Mev respectively gave A '
) 1 . 2.

total averaged neutron heat generation rate in the core vessel of 6_.36 x 10 3 .

Moy and in the lead reflector of 1.83 x 10 Moy

cn® sec : : . - en® 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 takén 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)_ et x=-0,T) =0
2 (2) atx=b;, T, a0
(3) at x = s, Ty = T, |
(4) at x = &, K, dT K_ 4T,
—_— —1
' dx ax

The applicedble

equations were at ateadybstaté:

2k,

-185-

in mind the boundary cohditions

Region = Reglon
(1) 2)
(Fe) (Pv) -
o i Y

Region (1)
? .
u ¥ -5
Region (2)
. . -
LK Ty = -8,
- a2
' The-aolutidn to this set of equations 1s$then::. f_j e
. 7 R
moe X B K x+ex (g -g;) -
2K, RS S 1 o
T2 = GZ (b =X ) - Bl (b-x)




- could be calculafed{ Thus these equatlons are:

. B =[? | 1 : [- G, (bg -<231 1 - a” (G
EEOE R
L Ky . . L o

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

and the lead reflector of 3.68 cal  and 0.676 gal ~ respectively, the
. co ¢m3 sec .  em’ sec L ,
thermal conductivities and thicknesses of the core vessel and lead, the equations

"~ .reduce to:

Ty

T = l&6o9+ 22.4.x - 9015 x2

= 94.6 x - 36.8 X°

2
(T = °)

These'gquations yield a maximm temperature of 109.3°F at a distance of 1.286
cm into the core vessél° |

Since it 1s belleved that a temperature :ise this great ﬁcﬁlﬂ cause uﬁduly
large thermal stresses in ﬁhe core vessel it was thought thaﬁicooling of the
lead reflector would alleviate this. |

Using the previdusl} derived equations for temperature 1ﬁ tﬁe core vessel
and the lead reflector and assuming that the hgat removal rate from the re-
flector could b§ assumed constant across the reflector and that‘the:interfacg

temperature was equal to that in the core and blanket, a temperature distribution

(
Tl (X)'z 48-9 X = 36.8.'!2

\ 2

T, (x) = 25.8 x° - 131.5x +126.9.

We found that the total heat removal rate was required to be 2.586 cal/om3 sec.
The maximum temperature in the core vessel had now been redﬁced;to’29.2°F. Tt

was determined that this caused negligiﬁle thermal stresses. '
© A186- .
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The temperature distributions in each of the described cases are shown

in Figure 3.21 and Figure 3.22 respectively.

Reflecter Heat Removal Calculation

Q = 3.80 x 10° BIU/ur ,
Wye = Ma weight flow = g =3,8x 1o = 84,500 1bs/hr

ap = flow area per tube e & Di% = (L2 = 000878 £42
‘ 4 4 x 144
Ay = total Na flow area = Wy, - _84,500 < 0154 £t

FE;;— 51 x 30 x 3?00

N.- no. of tubes = AF ,0154 5 =18 J’
.00087

Taking the outside tube wall temperature to be 12289F as calculated in
section on core-shell heating.

Q= kv Av (Tl - Tz) = hN& Ai (T2 - TNa).

Where subscribt W refers to tube wall propefties-and Tl and T, are tube

2
surface temperatures.

‘L = length of tublng = ____Q N4 b1
T Ty e R

= ;.eolx 16 |_Los 412 | z102ri
j )7 |RRx5. 17,350 x .4 ‘
For the above'caleulation, Qﬁ took the minimum~walliteupefature to maximum‘
Na temberature., This will lead to a conservative result. o
The effective length of each tube 18-8'ft Thus, 13 tubes would transfer
the required heat end using 17 tubes will tend to reduce the core. shell temp-
erature to a more conservative level.
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APPENDIX A.8 .'MODERATOR COOLING CAICULATIONS

Q = 5.1 x 100 BID

L |
Wy, = S.1x 108 - 1.13 x 10% 1s
.3 x 150 hr

ﬁT = flow area per tube - 0.000878 ft2

. 5 ‘ 2
=.‘g=_,_3_zﬁ___ 0208 ft
AT V - 51 x 30 x 3600 '
' ] }
N - no. oftubes:,,_p_Z_()_@_':?L - L ' v

To find the ma.xjmnn moderator temperatm-e, wo approximated the rectangular

cell by a cylindrical one of equal aree
4,227 | | , . ‘ .

r2 -
rl = 0.25“ ' . v -
To = 0.20" - S B | . |
G:Q:L_lé_lQE:S.ZleO"BTU o '
v nr £t3 |
q = heat i'emoved per tube o 5,1 x 106 e 2,04 x 10‘j BTU : ,
25 hr '
Using the method derived in section 13.3.1.'.1; |
k= !u... = .25° ' = 7.75 BTU .2 B
2 4 A,gg - .25 " br In*OF Les2 OF
458(422 1ln ) ’ hf‘b' .
from the same section
h'& = 17,350 BTU__
. m ft 2
hw = 12 x = 2880 BTU
| ~°5 hr £t2 OF -
. based on inside wall erea
N 4 —ed5 + ol = 0.00L41

U .5 x 1112 .5 x 2880 17,350
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U - 710 EIU

nr £42 OF
Ag = bheat transfer area per tube for 10 ft effective length

12

For a Na températin'e of 1200 (this is meximm)

T, = 1050 2,04 x 100 = U75
746 = 1.045

APPENDIX A.9 STEAM BOITER CALCULATIONS

Q = 700 M = 2,39 x 10° BTU

_ hr
W = 8 . -'.-..-2,32:109=53.2x106ll_)§
Cria ATya T .3 x 150 hr

Water inlet conditions 550°F p) 2400 psia

Steam outlet conditions »'1000°F 2300 psia
. lb(

j ano }g g,§2x1Q9—2621106}J£s

Using 1/2" @ stainless steel tubes with 50 mill wall thiokness
ar = flow srea per _-.t'g_lbe = .127. 41!1_2, = 00088 ftz, |
Feed water inlet vel, = 7.5 fps

6

N = no. of tubes o V0 2,62 x. 10

= 2,00

Using a triangular lattice
No. of cells = 2N « 4800

Using a Na velocity of 20 fps
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| 2, = Na flow area per cell = Na
: & Vy. 2K
a Na
908 _ 2
L 52’2 x 10 = ;l;35 in,

51 x 20 x 3600 x 4800
0435 = 433 8.2 - 0092

a=1,11"

- Dividing the boiler into three distinct regions

[]
) 0 , 1
. ‘ - v
HO —? | Bub-cooled : Boiling A Buperheated
] I i a—— N,
! S » [ - ~ |
4 2 S | 4
Subcooled Heating o
4s a first assumption, caloulate without pressﬁre vdrop
4y = 550°F o t, = 662°F |
L = 2400 pela p, ¥ 2400 psta
By =519FT0 ' H,=T8Hy
1b “1b
’ ' ' . , 8 .
Qe =V¥ppo Wy = By) =Wy, Cp (T, - T;) =442 x 10 EU
but T, = 900°F therefore T, ® 928°F
HIDg ‘(Tz'*')"(T ") .o « 302°F
. "7t - héé» -
. T_?, - ta . 350 .
1l 1

=£A =4x 435 = 2,22

RS
Eg”gvg ﬂ;g.ggxzonggg =1zso,ooo
_//Na 12!.53 '
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Ka-@& = .3 x ,53 = ,00425
ke 37.5

Fu, =7+ 1 (Re Pr)°® =74+ 1 (1,280,000 x .00425)°° = 31.5
40 40 :

b = Mg kg, 2 31,5 x 37,5 x 12 = 6380 BTD
Do_ 2.22 e 24207

ReH20 = ég'x 4 X 7,5 x 3600 = 190,000

12 x 2
PrHao = 1.'
N“uzo = ,023 39'8 Pr"* = .023'(190,000)’8 (1)"* = 380
Byog = N"Hzo "Hg =380 x ,3 x 12 = 3400 BTU
o ~hr.ft~.

basing over-all coefficient on inside tube area

1=__ a1 o+ _mf ol = b+ .4 x (,05)
U hNa Ao . . kw | AH huzo 6380 X 5 A2 x W5
= 7.84 x 1074
U = 1275 BTU
b, ft2 °p S
o= Qs = =ju2x10° <1150 £8.2
T (D) 1275 x 302 o
sc “‘sc _ B - .
Lsc=_____ Asc = 4150 : x‘12 = 455 ft_.- i
Ar =t T2 L .09 1,2_ x A..éi____x 12 = 2-26 .

. 2 g o De : 61&. .L

S
3400

' = 0,66 psi . This is _neg]_‘lgible' and d_oe_s not req'm“ Tteration.

Boiling
Assuming no pressure drop
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t, = 662°F oty 662?1‘

P, = 2400 psie Py = 2/00 psia
, = 718 BIU  Hy = 1101 BIU
_ R - « 1b.
Qg o(n -n):w oCp (T3 -'rz)cu A.B(MTD)B (-

e, 62 x 106(383) = 1.0 x 10° BIU

Ty = 1‘2.+ Q =298 + 1,0 x 10° = 991°F
cp WN& . 03 X 5.32 x 10 .

b

Using the:method outlined on Page 701 of Glasstone l's Engineering16 _ *
At=|ainbla +1|aq, + (q 413 : -

2 b =Y, 0.413_/A 3 '
¢ =120

o 6. .5/ ‘ 413
At = in S JON SR Y + 1 q, .
‘ 12 x 12 6380 ] /h i3 /A) o -
-4 . 0413
= 7.55x10 q + 134 (g )
| /e /

This function is plotted in Fig, (4-1). From Fig, (A-1)4
Ot = 266 | (q/') = 330,000
A al, . A
Atl =329 | § o _ .
(s, ) = 400000 ' | | -
A7y | L

= ¥, G ' : ) . . ... 7 -

&=y, G {5 1o b/a *ili} u((%g, + 705 ugg c [(“/")z .587 _@A) .587:]

c.

. 5 32 x 1o x 3(7.55 x 1074) 1n 400 + 05 x 5.32 x 10" x >} (5 7 - 5.08 x107%)
330

= 2390 ft2 :
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-
-
-~
‘-
ie

ORNL-LR-Dwg, =18152 | - \

At =7.5x10-4 (q/a)+ .1,3h(<1/a.)°’h13 ()

100

8 105
" Boiling l‘mnparatn;% Piff erence
: -193- | |




LB=V" AB =230 12 = 9.47 ft.
. 2L00T x 4 '
'for plainHO

AP - 1.37 psi = 198 lbs/ft

G20 = ¥h20_ = 2,62'x 1o6 x _1  =3i4 Ibs
A 3600 201 sec.ft

~ Using the Martenelli and Nelson Equation(s) _
P . v 2 .
AP =AP (AFPR\ +p 6° |
TPF o ( A P,/ g

= 198(4.7) + .18 204? = 15% b
22 p 2

= 11 psi
This may be neglected for iterative calculations

Superh’eaf

'A'ésuming a 100 psi pressure drop

. ge) ’ . 0.
ty 662°F .‘ t, = 1000°F
Py = 2400 psia P N = 2300 psis -
H, = 1100 BU E, = 62BN
1b 1b

Qg = Voo (Hy = Hy) =¥y, O (T, - T,) = Tgy Ay (MID)gy

= 2,62 x 10° x 361 = 0.94 x 10° BIU

5

Re. = 4 x 5.2 x 2.42 x 10 = 610,000
P 18

Fug, = .023(610,000)° (1.1.8)"* 1160 |
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4P = 3_44_ (.1966) + x_30

hﬂzo_=_1,_60_§;%112=1390 - BIU

br.f6.2 OF

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

region,

l=__ i + ok (,05) +_1 = ,0012
U "5x630  D2xl2x.5 . 1390 T

U = 826 __BTU
. breft 2 :
(I, ) - (T -1 ) :
(MmD)gy o4 -3 3’ =331 - 50 = 1/9°F
- 1n T 1n 331 .
W =z

'1‘3-t3

by = 9L x 107 = 7650 £42
- 826 x 149 ‘

7650 x 12 = 30.[. ft.
2400 T 4 )
8

for a compressable fluid

Lp =GP (V, -V) +f _LG
€ ‘ 2g,0ar‘ﬂ

G = W = 344 1bs/ft? sec.
i

V2= Outlet specific volume
V1= Inlet specific volums :
f = fficfion'féctor = 015 '

- hydramc radius = 101 in,

P a=Pp ¢+ P, = 2300 x 144 =3.05:,1'bs/ft3 '
2H, - 86x i1 TR

.2x12-635psi_,:'>
322 - LXGA.Lx.101x35

Thus owr- assumption of 100 pai presaure drop is well within the accuracy of this
calculation,

| Total»length =Ly + Ly + Ly = 45 b

)95~




APPENDIX B

B. Gamma-Rsy Shielding Calculations

.1 Sources of Gammas

B.1l .1 Promgt Fission Gammas(53 )
. ; 10 :
N = 3 1x10 N(E) P(r) emmas '
Pr 3
cm” - sec

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

Table B.l Promiut Fission Gammas |

: .1.2 Fission Product Gemmas During Operation

b’-ﬁ:ergy (Mev) 3 N(B) ¥'s/fission NP ci ‘f Sec
1.0 S 32 1.66 x 16
1.5 | 8 4.15 x 1012
2.3 | .85 bk x 1012
3.0 15 7.8 x 100
5.0 | 2 1.0 x10™

(53)

Table B.2 Fission Product Gammas

. <196-

- Energy (Mev) Exf wglé::-g@ ) Nepy (- ci; :ssec
ho 2,0 x 10'° 8.35 x 1002 -

8 1.2 x 1010 2.5 x10%2

1.3 2.0 x 101° 2.57 x 1072

1.7 33x10 3.24 x 107

2.2 2.1 x 108 1.6 x 1012

2.5 9 x10° 6 x 1012

2.8 1 x10° 6 x 1612 |

10

th
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B.l.3 Capture Gemmas

A,

Core Vessel

The average thermal flux in the core vessel is 2.2 x 10’ ' neuts

Captures =-§ Z

2 .
cm = gec

vessel 1s assumed to be iron

‘Thermal neutron '(4 N ¥) cross-section = 2,43 barnms

The energy spectrum of gammas iss

#photons per 100 captures

0-1 Mev. 1-3
S - 10

=3
2

(53) ‘ |

=1 -7
2 %

z LY g~ (7.8) £,603) . (2.43)

T =0.204 cm ™t

= 4.5 x 1000

' Captures = b= (2.2'!1011) (

«204)

cagtuz_-es

<:m3 - sec

Number of photons produced.

1-3 Mév

35 Mav

5-7 Mev

7 Mav

424 x 45 x 10

100

100 .

100 -

v 50 x 4.5 x 1000

100 .

10

o)

0

-

220 x4.5x10° o 45x10 Y
| _LE.___B |

en” - sec.
: 1’.1:_:: 1010 =
1.0x1000 o
. aaxil®

highest energy gemna ~ 10,2 Mev . N

‘B, lead Reflector:

| $=2.3x 1012 peutrons

cmz»-sec
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Captures = 5 z o : L
px =]0_%’ 0ry 30, = 0.17 barpé
(53) '

Gamma Spectrum
photons/100 captures
7 dt 6,73 Mev
93 at 7.38 Mev
7= L 6(_) g (.017)
. ; ,

- = ,56 x 10" —

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

= 1.3 x 10® captures
c” -38¢

mNumber of Photons producedx _
Assume &ll J's are at 7.38 Mev energy

then {'s = 1.3 x 108 gammas
3

cm” -sec

B.l.Z Inelastic Scattering Gemmas

1., Core Vessel

Scatterings from 01 to 02 neutron energy groﬁps only,

13
¢ = 1,7 x 107~ neuts
o1 nele
cm -gec
: 13
¢, = 2.9 x 1077 neuts
02 mets
Cmv -3ecC
2 =929 x1207 @™
2,92 = 2472167 @™

.41%- oS

¥




Scattering of 01 grdup neutrons produces a 10 Mev ¥ , 02 group neutron gives

Numbef of gammas:
Ry = ¢) z
10 Mev - 13 =3y
v Ny =(1L.7x107) (92.9 x 107%)

= 1,58 x lO:I'2 s

cl” -gec
2.2 Mo 13 -3
v na« = (2.9 x10 ) (24.7 x 107°)

=716x10 é

cm -86C

2, Lezad Reflector

¢y =7 10'? peutrons
cn>-sec
¢02 =1,5x lO]'3 neutrons
cn=sec
01
5, =52.4x107 ™
22 =16.0 x107 ™t

" Rumber of ¥ 's-

= ¢) z

@10 Yev Ty - (7 x 101) (52,4 x 10 3)

= 3.67 x lO" é
‘ , cm3-sec
@2.2 Mev K, = (1.5x 1013) (16.0 x 1072)
» = 2.4 x 10 d
cm?.-sec |
=199~




3.

Blanket (First half)

12

= 3.2 x 1J0° neutrons

e -gec

e 12 neutrons
§pp = 8.0 x10°° negrone
se ¢

zgl - 39.8 x 107 et

522 =32.4x107 @

Number of gammass

10 Mev Ky =(3.2x10 ) (98x207) .
] . '
= 1.27 x10 _Y's
en’-sec “
2.2 Mev Ny = (8.0 x 177%) (32.4 x 107)
= 2,6 x 10" 's v
em>-s6c ' '
Blanket (Second half)
1 -
601 =1,7 x 10 neutrons | » .
cm -gec )
- .
6 = L.3'x 10 neutrons E S i
02 cn®-se0 ‘
Zgl = 39.8 x 10 et
22 < 32,4 x 107 et | .

Number of gemmas produced'
1
@10 Mev Ny = (1,7x10) (9.6 x 10%)
| =6.8x10° ¥ 'a
- aw-seo
11y oo -3y
@?2.2 Mev By = (4¢3 x1077) (32.4 x1077)
= 1.4 x ¢ 101° Y 1s |

cm3-sec

200~
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The above sources of gammes will be broken up into four energj.groups, 2,
5, 7 and 10 Mev, A11 gammas of energy below 1.5 Mev will be neglected. The

location of the source of all gamﬁas other than fission and fission product

-7 gemmas will be the outer surface of the lead reflector.

Surface area of source .

3, = imR? = 4m(96.8)°

= 1.18 x 10° ex?
< " For core gemmas, accounting for self_absorption:ii
N B S, = Syr  (55)
. A= 1
P
2,0 Mov ¥ 's: p = .29 em™t
5.0 Mov S 'ss p= .30 em t
Core Vessel Volume = 751.1 cmB; Pb Refelotor Vol = 1.4 x 10° cmB;
Blanket = 3.4 x 10%° en’,
Converting all the volume sources to surface sources the following is obtaiﬁed:
o . Table B,3 Sources of Radiastion _
Source .  Energy Mev): = = _“cm? . sec
1. Prompt Fission - Core @ 20 3.1 x 1012 -
- L o 50 - 33x100
2, Fission Product - Core o ' 2:0 ; S 7'*:_ S 1.2x1 14
~ 3. Capture - Core Vessel 20 . . o 29x10
| 50 70x10
7.0 . 6., x 107
A e 10,0 - 1.4 x 208
[ . ’ . S
. Pb reflector 7.0 . 1l x 106
L. Inelastic Scattering : - o 9
~ Core Vessel 2.0 4e6 x 10
10

1100 . 1.0 x 10

/ S =201




- Table B.3 (Cond't)

_ ‘ .# Photons
Source ' ‘ Energy (Mev) = _ en®-sec
Pb Reflector ‘ _ _ 2.0 L ’ _2.951 109 -
' 10.0 4.6 x 107
. ' ' 12
: _ 2.0 : - 7.8x10 .
Blanket ' _ 10.0 v 3.7x 1012
Table B., Total Gamma Source . ) - -
#/Fhotons
Ener Mev cm2 - gec o~
2.0 1.5 x 0% '
5.0 | 3.3 x 101 S -
7.0 | 6.6 x 107 |
10,0 - - 3.7 x 107°
The 7.0 Mev & source will be neglected. | SR
B.2 . Attenuation of Gamma Rays o - | .

Since the source of gammas is at the outer surface of the reflectér there
will be attenuétion through the blanket, cgrbon moderator and reflector, and |
the shield. -

Blanket attenustion coefficient: ‘

Blanket - 55% UO2 by volume
45% Na |
A o R S
~ Volume of U0, = .55 (3.4 x 10%)
| =1.93 x 10° oo’
- fersm
: cc

202~




Weight of U0, = 1,99 x 107 gramg

2

Mols of U02

= 7.4 x 10

4
6 3

Volume of Ne = 1.5 x 10" cm

r= .

Mols of Ra = 5,7 x.10
Total mols in blanket = 12.1 x 10

Mol fraction of UO

83 gm

cC

4
4

, = 0.61

Mol Fraction of Na = 0.39

Taking only U and Na as effective

2 Mev
Na : p/p = 0427 cme/gm
U p/’o = 0483 cme/gn

‘Bner Mev
2,0
5.0

'10.0

@2 Mev

Mev ' 10 Mev
e = 0272 'cma/gm o= .0218 -cma/ e
Wp = 055 cufen = 0531 on®/en
Na - o u
. '.6.0363 em™, . 0.5072 em™t
0.023L cm ™, 0u4TB en™t
‘0.7018_5 cmfl,- o 0.5576 vcm'.'l

By TFik e

iy = (0.60) (.5072) + (.39) (.0363)

F'B = 0,323

® 5 Me

oF!

(&) (478) + (.39) (L023D) -
=00 |
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kg = (L61) (.5576) + (.39) (.0185)

= 0.357

For Carbon moderator end reflector

2 Moy
5 Mev
10 Mev

2 Mev -

5 Mev

10 Mev

W= 043 /g

H4g =,0270 *
W= 0195 "
P=1.6 g/oc
p =07 cen~L
_ S -l

p = 043 om
p = .03l em™t

Attenuation Within Reactor .

Table B,5 Gamma Attenuation Lengths in Reactor

Energy Blanket Carbon _

(tev) Bla™)  |t(em) | Rt flea™) | tlem) | B '
2 323 | 205 | 6.62 07 5 | 2.3 :
5 .300 205 | 6a5 043 3 |14
10 2357 205 |73 || 0m | 33 |10 |

Gbnver_sion of the isotropic spherical surface source to an infinite plane source:

rh 96.5 cn

’8 = (17 + 8) x 12 x 2.54 em

= 760 ecm

~204-

[}
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The infinite pia.ne gsource which will give the equivalent dose at the out-
side of the shield is:

- S(lnf plane) = _F S (sphere)
Fo
¢ Sa = 96,5 Sy
, _ 760 :
Sa = ,13 Sr

Infinite Plane Sources ,
2 Mev .13 (1.5 x'lOll'_) = 2,0 x 10]'3 X ts

-~ . . . . cm2 - g8C
' 5Mev .13 (3.3x10%) =43x100  n
- 10 Mev A3 (3.7 x 1012) = 4.8 x 1011 L
. Attenuation of gammass .
' “Z(px)
¢ = Sae z ! |
"« A, For 4 inches of steel and 6 feet of ordinary concretes -
10 Hev Blanket - p% = 7.3

Carbon - = pxX = 1.0
' St'eelv'(F_:e_)' - px'f_ 2,38

Goncrete - W= 0229 en'/g

| - pP= 2.3_g/cc'_ )
i - o peomsat
- S _ o 6 fee‘l.;""z 182 em
- : _ - | vp}c cos

Z(p%) = 7.3 + 1.0 + 2.4 + 9.6
¢ . . . ‘ .
¢10 =. (408 x 10

= 889 x 10° photons |
' cm -36C ‘20.5’_

ll) 6-20.3




2 Maev

Blanket = px = 6,2 S .
Carbon - p= = 1.4 | |
Steel -~ pX=2,5 . . .
Concrete- px = 12,0
I(pax)= 221

b5 = (4.3 x 101 (R4

45 = 6.0 x 10° photons | -
cn“-gec

Blanket px= 6,62

-

carﬁon pxX= 2.3 '
Steel px= 3.3 , e . .

Concrete px= 18,6 ,
Z(p <)= 30.8 _ _ i

b = (2.0 x 1013) ¢~30-8
2 E
= 1.l %’g (negligible)

: cm -86C
B, For steel shield (top)

Using 1.75 feet of stesl (53.4 cm) B -

10 Mev
Wp = 0300 cn’ | 2
s | ) )
b= 235 ca™ | o .
Steel: pax = (53.4) (.235) =12.5 = ®
Blankets p.vlt.? = 7.3

Carbon: ' px . o = 1.0
E/‘Ixzzo.B
- =206~




5 Mev

¢10 = luva x 1011 6-20°8

= 550 photons
cn*-g60

Steel px= 13,1
Blanket p.x¥ 6.2
Carbon px = 1.4
‘ 20,7

by = 43 x 1011 ¢7R0.7

= 490 photons

cmz-sec

The 2 Mev ¢'s are negligible
Dose (Unscattered)
A, Steel and Concrete Shield
Dose = (5.67 x 10™%) Ey) (/o) (6 ) r/br
~ Dose = (5.67 x 107°) (10) (0.0262) (8.9 x 10°) x 10?
" Dose = 6.0 mr/hr ' | o

Dose = (5.67 x 107) (5) (.0193) (6 x 102 x 10%)
Dose = 3.3 mr/hr/ -
B, Steel Shield |
0 Mev | |
Dose =.6.(.) x 550
890
ﬁose = 3.7 mr/hr

-207=
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Dose = 3.3 x 490
_ 600

Dose = 2,7 mr/hr

Using the build-up factor of water for that of concrete.

(For concrete shield)

Dose (scattered) e B,; (.p. x) Dose (unscattered)

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

=208~
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APPENDIX C
EXPERIMENTAL TESTS

Gl Summary of Melti_g Point Tests

Since there was no available data on the melting points of the proposed

ternary chloride compositions a geries of tests were underteken to provide some

" fregmentary data.

The tests .were run in the standard apparatus., This consisted of a nickel -

crucible in which the salt was placed, a nickel container (uhich 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 Mg01é vas anhydrous it was purified
by the addition of some'NHLpl and heated to its'melting point. This succeeded
in removing the water of hydration from.the Mgclszithout the conversion of the
Mg012 to MgO. This was determined by a petrogrephic analysie.

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 437°C as compared with 450 G the 1iterature value,

Using the above outlined procednre melting points were then determined of
three salt m:lxtures having (1) 38. 6% Mg c1,, 57.91% NaCl, 3.49% UC1 3 (2)
36. 36% ch12, 51..54% Nacl, .09% Uc13a (3) 33 33% MgClz, 50.01% NaCl, 16 66% um3

‘The data is summarized below as:
Melting Point

. Semple = Liguidus © Solidus
T s oas
(2) - 432% 5%
(3) - 505%7 440%7 105°%
.m-




C.2 Petrographic Analysis of Salt Mixtures
' Petrographio analysis of the salt mixtures were done by Dr. T. H HcVay
iat the Y-12 plant, These analyses are given below-
Sample one: Eutectic of MgCl -NaCl (40-60 mol %)
Main phase well crystallized. One p above 1. 620 and the other below,

"There is microcrystalline material presenx and this has & general in-

dex of refraction below 1.544 (HaCl) This suggests hydration, X-reys

show neither MgGl or NaCl.

Sample twos  (36.4% HgClz, 54 5% FaCl, 9. 1% UCl,) | |
Sample has colorless phase with broun crystals in it. Brown.phase
_has p about 1,90, U'Cl3 is higher at ahout 2.0, All phases are

microcrystalline. Sample oxidizes in air and is hygroscopic.

Sample three: (38.6% MgCl,, 57.9% NaCl, 3;5%-U613)
‘Sample has brown compound noted above, Very small lath crystals of
a brown phaseAareApresent, 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<nor
the MECI exists as such. This is to be expected since the phase diagram shows
compound formation on each side of the eutectic, The compounds formed were

assumed to be the expected ones since there was no means of making the completev

" identification,

Both samples containing the'euﬁectic mixture plus‘uclé also showed‘compound

formation. This was assumed since none of the original salts were recognized

‘The salt mixtures were also checked for the presence of UGlL This was not found

present as such,

=210~
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C.3 Sumary of Chemical Analysis of,UG}B'

On‘a wt.% basis 68,.8% of the-ﬁCi3 should be U+3; The chemicel ghalysis

. (
of the UGl3 used for our tests showed the 57.1% of the UCl, was U+3. This -

3

‘indicates that the remainder of the U was in the tetravalent state.

C.h Gorrosion»Tests

A series of 500 hour, see-saw cépsplé testé containing the chloride mixture
of 33.33% MgCl,, 50.01% .Haczl,' and 16.67% Ucia vere initiated, The tests are
5eing run in capsules ofunickei, end of inconel. The ‘results of these tests
are not yet avallable, 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,
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