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STATUS CF MOLTEN-SALT REACTOR PROGRAM

PART 1

INTERIM DESIGN OF A POWER REACTOR

1. INTRODUCTION AND CONCLUSIONS

The-geﬂeral usefulness of & fluid fueled reactor that can operate
at high temperatures with low pressures has Eeeh recognized for a long
time. The'application‘of the molten salts to such & reactor system has
been discuesed,l and the operatlon of the Aircraft Reactor Experiment2
demonstrated the basic feagibility of the system. Preliminary design
studies indicated that power reactors based on such systems would be
economically attractive. Tﬁis'study gives .o more detailed conceptual
design and outlines operational procedures so that the problems of
handling a moiten-salt power reactor can be better visualized.

Particular attention has been given to the circuiating-fuel system,
since this system and its essociated equipment will be the heart of any
»moltenesait reaotor plant. Of perhéps lesser importance are the particular
reactor chosen for study (a fwo-region'homogeneous converter) and the pars
ticular heat transfer system (two sodium circuits in series). Although
later studies may indicate betterlchoices for the reactor and the heat
transfervsyetem,'those seleeted for this study are considered to be sound
and to provide a good ba51s for estimating the cost of power from a molten-
: salt reactor. ' '

- 13 C. Briant and A. M. Weiﬁberg, "Molten Fluorides as Power Reactor
Fuels," Nuclear Science and Eng. 3 797~803 (1957)

2E S. Bettis, R. W Schroeder, G. A, Cristy) H.‘W. Savage, R. G.
Affel, end L. F. Hemphill, "The Aircraft Reactor Experiment - Design and
Construction," Nuclear Science and Eng. 2, 804825 (1957); W. K. Ergen;
-~ As.Ds Callihan, C. B, Mills, and Dunlap Bcott, "The Aircraft Reactor. -
Experiment - Physies," Nuclear Science and Eng. 2, 826-840 (1957); E. S.
Bettis, W. B, Cottrell, E. R. Mann, J. L. Meem, &nd G. D. Whitman, "The
Alircraft Reactor Experiment - Operation," Nuclear Science and Eng. 2,
841-853 (1957). =
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The reactor power station chosen for study has a gross electrical
capacity of 275 Mw and a net capacity of 260 Mw. Figure 1.l shows an
isometric drawing of the principal portion of»reactor plant, and the
most important of the reactor statistics are preséntéd in Table 1l.1l.
It is estimated that this molten-salt reactor bower station could be
built for 70 million dollars. At 14% per year interest and an 80% load
factor, the fixed charges; including fuel-inventory rental, would amount
t0 5.7 mills/kwh. Fuel and salt replacement costs of 1.7 ﬁills/kwh‘and
an operation and maintenance charge of 1.5 mills/kwh (including chemical
plant operation) lead to a total estimated power cost of 8.9 mills/kwh.

The indicated power cost must be considered together with the state
of the technology of mblten‘salts,‘of alloys for containingrthem, and of
engineering art for design and construction of a reactor in order to
detefmine the emphasis that should be placed on studies 6f_the system
in the future. Summaries of the current state of the technology of the
galts, metals, and components are'given in other parts of this report.
The fact of adequate solubility of uranium and thorium in the molten
salts and the strong position that is developing with réspect'to con=-

tainment of the salts are characteristics that make the molﬁen salt syse-

tem unique among fluid-fuel systems. Although the materials studies are
not complete, the early results are so encouraging that plans should be
made now for the continued development of the molten=salt system.

The program visualized calls for carrying out the conceptual design
of an expefimental reactor during the fiscal year 1959 so that detailed
design could be started by July 1, 1959. The experimental reactor would
be designed to test typical comstructlon, operetion, and maintenance
features of a large power reactor and could be completed by July 1, 1962.
After a two-year operational period, a very sound basis would exist for
deciding whether or not to build large molten-salt power reactors. In
thié proposed program, it shduld be noted that a substantial part of the

materials compatibility program would be complete before the maJjor expendi-

tures for an experimental reactor were made.




Fig. 1.1. lIsometric View of Molten Salt Power Reactor Plant.




Teble 1.1. REACTOR PLANT CHARACTERISTICS

Fuel enrichmzny

Fuel carrier

Neutron energy
Moderator

'?rimary‘eoolant

Power .
Electric (net)
Regeneration ratio

Clean (initial)
Average (20 years)

Blanket

Estimated costs

 Total
Capital
Electric

Refueling'cycle.at full power
Shielding

Control

Plant,effiéiency

Exit fuel temperature

> 90% VP, (initially)

62 mole % LiF, 37 mole % BeFp,
1 mole % ThF)

Intermediate

LiF~BeF, .

Fuel solution circulating at
23,800 gpm

260 Mw
640 Mw

0.63

~4 0.53

71 mole % LiF, 16 mole % BeF,,
13 mole % ThF),

§69, 800,000
§269/1w
8.88 mills/kwh

Semicontinuous
Concrete room walls, 9 £t thick
Temperature and fuel concentration

40.6%

1210°F at approiimately 83 psia




Table l.l. (Continued)

Steam

Temperature
Presgsure

Second loop fluid
Third loop fluid
Structural materiels

Fuel eircuit

Secondsry loop

Tertiary loop

Steam boiler

Steam supefhea.ter and reheater

Active-core dimensions

Fuel equivalent diemeter
Blanket thickness

Temperature coefficient, (Ak/k)/°F -

Specific power
Power density
Fuel vinventory
Initiel (clean)
averags (20 years)

P Cr:.'bi'cél mb.ss,cléa.n

2000°F with 1000°F rehest
1800 peia -
Sodium

Sodium

INOR-8

Type 316 steinless steel
5% Cr, 1% Si steel

2.5% cr, 1% Mo steel

5% Cr, 1% Si steel

8 £t
2 ft

-(3.8 £ 0.04) x 10”2
~11000 kov/kg
80 kw/liter

600 kg of U727
~ 900 kg of Ue5 2

267 kg of P20
Unlimited




2, GENERAL FEATURES OF THE REACTOR

The uitimate spower resctor of the molten-salt type will probably
have & graphite moderator, since a high breeding ratio is a mejor aim.
In order to obtain & breeding ratio &s high as 1.0, it will be necessary
for the graphite to be in direct contact with the salt end with the nickel
alloy c:om;e.:i.ner.3 Although it now seems probeble that grephite will be
satisfactory fpr use in contect with the molten salt (see Part 3), the
technology is not considered to be fa’.r\'\'enbugh advenced to propose such a
-system for the initial reector. This consié.era.tion led to the specifica=-
“tion of a homogeneous molten-salt reactor for this design stﬁdy. |

A number of molten fluoride salts that ere suiteble for & reactor
fuel are described in Part 2. The base salt chosen for the fuel solvent'
is & mixture of I.17F and BeF, in the mole ratio 62 to 37, respectively.
The Li7 end Be base salts -have the most desirable nuclesr properties of
any of the possible salt cptions. Beryllium, in addition to having a
low neutron ,ébsorption cross section, sdds appreciably to the slowing-.
down power of the fluorime in the salt. Lithium~7 has the:lowest cross
section of the alkali fluorides. The exact percentages in the mixture
were determined &s & compromite of two physicel properties: the melting
point and the viscosity. The melting point increases &s the Li7"' content
incresses, but the viscosity correspondingly decreases, The fuél mixture
is prepared by edding to the base selt emall emounts of ThEF), a'.ﬁd"’UFu, the
ThF) being added to provide some regemeration of fissionable ‘material
in the core end the UF), being added to made the .reactor critical. The
critic_al mixture celculated for initial fueling of the proposed reactor
ha.s"oﬁé”coqusition: 61.8 mole 7@;;521;,17F~§6.9 mole % BeF,~1.0 mole % ThF),
0.3 mole % UF,, with the wraniun 95% enriched with _tf5§. |

sl
R I

3. K. Ergen, A. D, Callihen, C. B. Mills, and D. Scott, "The
Aircraft Reactor Experiment," Buc. Sci. and Eng., 2, 826-840 (1957).
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The selection of an 8-ft-dia core for this study was based primarily

on the eriterion of critical inventory as indicated by nuclear calcula=-

’tions covering core diameters of 5 to 10 ft. (Details of the nuclear

calculations are given in Part 4). The initial eritical inventory for
a U235 fueled reactor could be as low as 100 kg, which corresponds to

. a critical mass of about 50 kg. In actual practice, however, thorium
- (that is, 1 mole % ThFh) is added to the fuel to improve the regeneration
i ratio and thus reduce fuel costs, and the resulting initial critical in=-

ventory is about 600 kg. With thorium in the fuel, the 8-ft core is a

o feasonable choice that yiélds a good conversion ratio for a given invest-
_ ment., Further, the 8-ft core provides sufficient volume for the average
-power density in the core to be less than 100 w/cms, vwhich is well within

Safe 1imits.' The gamms, heating in the thicker parts of the core shell
was also taken into consideration, and it was estimated that with the
8-ft core the heating in the core shell would amount to 12 w/cm s -Which
is not expected to create significant thermal stresses.

It was decided that it would be worthwhile to include a blanket in
this reactor system, despite the fairly high neutron absorption of the
core shell material, since the blanket would add between 0.2 and 0.3 to

“the regeneration ratio and the increased saving in fuel costs would amount

to about $1,000,000 per year. Although the blanket adds some complications
to the reactor vessel; it offers compeﬁsations such as serving as a ther=-
mai'shield and as a convenlent coolant for the fuel-expansion-tank dome,
which is subject to rather severe bets heating by the off-gas. The 2-ft-

'thick blanket Will allow less then 2% of the neutrons leaking from the
»core to" pass through it without capture. The salt mixture LiTF-BeF 'ThFh,
"was chosen for the blanket and its composition was selected as that which

would give the highest ThFh ‘content consistent with a melting point at

: 1east 100°F below the 1owest temperature expected in the blanket region.
: This specification 1ed to the composition 71 mole % LiF, 16 mole % BeFy,
13 fole. % ThFh, which has a melting point of 980°F More recent chemical

data indlcate thot up to about 16 mole % THF), can be used without in-
creasing this melting point°




_ An alloy with the nominal composition 17 wt $ Mo, T wt % Cr, 5wt % ks"
Fe, end T wt % Ni, which is designated INOR-8, wes chosen as the struc-

tural material for all components of the reactor that will be in contact 3
with molten salts. Details of the characteristics and fabricability of '
this alloy are presented in Part 3. '

v

o _The choice of the povwer level of this design study was arbitrary,
"since the 8-ft reactor core is capable of operation at power levels of
u§ to 1900 Mw (thermal) without exceeding safe power densities. An
| elet‘:t.ri_ca.l generator of 275 Mw capa.city was chosen, since this is in
| thé i siie range that a number of power companies have used in recent years,
‘end a plent of this size could be Justified in almost any sect:i.on of the
United States. It is estimated that about 6% of the power would be used
in the Station, and thus the net power to the system would be sbout 260 Mw.

.»Two sodium circuits in series were chosen as the heat transfer system
between the fuel salt and the steam. Delayed neutrons from the circulating
fuel will activate the primary heat exchanger and the sodium passing |
through it. A secondary heat exchanger system in which the heat will ‘
transfer from the radioactive sodium to nonradioactive sodium will serve
" to prevent contamination of the steam generators » superheaters, and re-

heaters. A non-fuel-bearing molten fluoride salt is a possible alternate
choice for the radioactive intermediate coolant and has some advantage
-in that it is compatible with the fuel. In the design ‘adopted no danger
is ex;pected to arise from mixing of the fuel salt and sodium, however,
and therefore the cheaper sodium system is preferred.

The fuel flow from the core is divided among four circuits, so that
there are four primary heat exchangers to take care of the core heat
genération. | This number of heat exchangers was based on maximmn size vs
thermal-strain considerations. Each of the four parallel heat transfer
circuits originating in the fuel system transfers the heat through two
sodium circuits to the steam generators. A similar single circuit is A *
provided"to remove the heat generate‘d in the blanket. '



Other linkages between the fuil and steam thst have been proposed
are a saltto mercury-vapor system and a saltetoshelium ges system.
The latter system is currently being studied. '

‘A plan view of the reactor plant layout is presented in Figure 1.2,
and an elevation view is shown in Figure 1.3. The reactor and the pri-
mary heat exchangers are contained in a large rectangular reactor cell,
which is sealed to provide double contéainment for any leakage of fission
gases'and in which all operations must be carried out remotely after the
reactor has operated st porer. The primary heat exchangers are laid out

to provide an ineline heat exchange system. The rectangular configura-

tion.of the plant permits the grouping of similar equipment with a mini-
mm of floor space and piping. The primary so@ium eircuits are thus
located in one bay under a crane, end in the next bay are the secondary
sodium eircuits, the steam generators, superheaters, and reheaters under
another crane. The plant includes, in addition to the remctor and heat
exchanger systems and the electrical generation equipment, the control
room, chemicei processing equipment, and the filleand-drain tanks for

" the liquid systems.

3. MOLTEN-SALT SYSTEMS

3.ls Fuel and Blanket Circuits

The primary reactor cell which encloses the fuel and blanket cir-

_ fcuits, is a rectangular concrete structure 24 £t wide, 68 ft long, and
: 70 ft high._ The walls are mede of 9-ft-thick barytes concrete to pro-
3_1vide the biological shield. Steel liners on ‘both sides of the concrete
‘ "_wall form a buffer zone to ensure thst no fission ges that may leak into
:er?the cell can: escape to the etmosyhere and that no air can enter the cell.
5§An inert atmosphere is maintained in the cell at all times s0 that a
| small fuel 1eak will not’ 1ead 1o accelereted corrosion. Penetrations
‘;,for pipes and‘for electrical end instrument lines are gealed on each side

-of the enclosure. l

. uB. W. Kinyon and F. E. Romie, Two Power Generation Systems for a
Molten Fluoride Reactor, Presented &t the Nuclear Engineering And Science

Conference of the 1958 Nuclear Congress (March), Chicago, Illinois.

u9-
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Plan View of Molten Salt Power Reactor Plant.
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Fig. 1.3. Elevation View of Molten Salt Power Reactor Plant.




Once the reactor has been at power, the radistion level of the
reactor and the fuel and blanket circuits will be so high that it will
not be possible to perform dirgct maintenance operations on equipment
in these circuits. All equipment that might require replacement by re=-
mote means is installed in the shielded reactor cell. The alternative
of segregating each piece of equipment in a separate enclosure is more
costly in terms of space, shielding, piping, and fuel inventory. An
air lock is provided through which the crane and maintenance equipment
can be brought into the ceil.

The principal items of equipmént in the reactor cell are the reac-
tor véssel, the fuel and blanket puﬁps, the fuel and blanket heat ex-
changers, heating and insulation equipment, and the reactor cell cooling
system, and, of course, there are many electrical and miscellaneous plumbing
lines. The reactor vessel and the fuel and blanket pumps are a closely
coupled, integrated unit (Figure 1l.l4) which is suspended from a flange
on the fuel pump barrel. The vessel itself has two regions - one for
the fuel and one for the blanket salt. The fuel region consists of the
reactor core surmounted by an expansion chamber, which containg the
single fuel pump. The blanket region surrounds the fuel region and ex-
tends above the expansion chamber, and the blénket salt cools the walls
of the expansion chamber gas space and shields the pump motor.

Four tangential pipes serve as ducts to return fuel into the lower
conical section of the core. The core shell, which should be as thin
as possible in order to reducé neutron absorption and to keep thermal
strains from gamma heating as low as possible, was chosen to be 5/16 in.
thick to provide adequate strength against buckling under conditions of
maximum pressure differential between the blanket and the core regions.

The floor of the expansion chamber is a flat disk, 3/8 in. thick,
which serves as a diaphragm to ebsorb differential thermal expansion
between the core and the outer shells. During reactor operation, the
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temperature difference between the core and the outer shells will be
sméll;fbut during thé préheating‘and during power transients the dif=-
feren¢e may be higher. The diaphragm will safely allow for differ-
ential'expansion corréspbnding to a temperature difference of 200°F
without uhdergoing appreciable plastic strain. '

The pipe ducts that enter the reactor_tangentially will impart a
swirling action to the fuel and'keep it turbulent near the wall., No
fluidrflow patterns have\&et been obtained for a core of the shape il-
lﬁstratedé and flow tests; when made, may dictate changes in the shape.
The pump,for circulating the blanket salt is not supported directly on
the reactor vessel, but is located.to the side and at a slightly higher
elevation to give full blanket éoverage of the reactor at all times.

The genéral requirements of pumps for theffuel and blanket circuits
are discussed’ in Part 5. This design study is;based on use of a pump
of the type shown in Figure 5.2 of that section, which has a capacity
of 24,000 gpm. Based on a fuel volume of 530 ft3 in the entire circu-
lating system, the fuel will meke a complete circuit through the reactor,
piping, and heat exchangers in 10 sec. A 1000-hp motor will be needed i
for the fuel'pﬁmp, and a shaft speed of 700 rpﬁ will be required. As

indicated in Part 5, this pump incorporates advanced features not present

in any'mblten-salt pumps operated to date. Some consideration was glven
to the use of'multiple pumps, but since a single fuel pump simplifies
the top portion of the reactor assembly, it wags adopted for this study.

The blanket pump will be similar to the fuel pump, but of smaller
cepacity. Since the heat generation in the blanket will be no more than
10% of the totai heat generated, a pump of about 3200-gpm capacity is
required._ i

Four primary heat exchangers are provided for the fuel circuit so
that each heat exchanger will be of reasonable size,. These heat ex=-

changers ére designed to have the fuel on the shell side and sodium
‘inside the tubes. This arrangement is contrary to that which might

- 1 -
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intuitively be proposed because it might be expected that the fuel
volume would be lower if the fuel were inside the tubed. However,

the superior properties of sddium es a heat transfer fluid are not
realized with the sodium on :;t.he shell side, and therefore the over-all
system is most compact with the sodium inside the tubes,

The heat exchangers (Figure 1l.1l) ere of semicircular construction,
vhich provides for convenienﬁ piping to‘ the top and bottom of the re-
actor. The blanket heat exchanger is similar in construction, but it
is scaled-down to be cons'iste'rlt irith the smaller heat load. A more
detailed description of the heat exchanger is given in Teble 1.2 of
Section b,

3024 0ff-Gas System

An efficient procéss for the confinuo_us removal of fission-product
gaées is provided that serves several purposes. The safety in the |
event of a fuel spill is‘consider@bly enhanced if the radiocactive gas
concentration in 'the fuel is reduced b.}" stripping the gas as it is
formed. Further, the nuclear stability of the reactor under changes

. of power level is improved by keeping the high cross section Xela’5

continuously &t & low level. Finzally, many of the fission-product
pbisons aﬁé; in their decsy chains, either noble gases for a period of
time or ehd'theii' decay chains as stable noble gases, and therefore
the buildup of poisons is considerably reduced by grs removal. ‘

'I‘he solubilities of noble gases in some molten salts are given

- in Part 2, a.nd it is d.educed 'l:ha.t solubilities of eimilar orders of
- '4magnitude are 11ke1y ‘bo ‘be found in the LiF-BeF salt of this study.
- '.It vas found that the solubility obeys Henry's law, g0 that the equi-
i li'brium solubility is proportional to the partial pressure of the gas
, in. contact with the salt.. In principle, “the method of fission»aal res
E moval consis‘bs of providing an efficient mechanism for contacting the

fuel’ salt with an inert a.mbient gs.s 1n which 'hhe concentration of xenon

' and krypton 1s ‘kept ver;r lows

’
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‘In the system chosen, a.pproximately 3.5% of the fuel flow is mixed
with helium purge gas and spra.yed into the reactor expension ta.nk. The
mixing and spreying provide a 1a.rge fuel-to~purge-gas interface, which
promotes the establishment of equilibrium fission gas concentretions in
the fuel. The expansion tank provides a 1iqu1d surface ares of approxi=-
ma.tely 26 ft for removal of the entrained purge and fission gas mixture.
The gas removal is effected by the balance between the difference in 'bhe :
density of the fuel snd the gases and the dra.g of the opposing fuel ve=
locity.’ The surface velocity downward in the expansion tank is approxie
mately 0.07 ft/sec, which should screen out all bubbles larger than '
0.008 in. in radius. The probability that bubbles of this size will
enter the reactor is reduced by the depth of the expansion tenk being
sufficient to 'é.llow time for small bubbles to coalesce and be removed.

The liquid volume of the fuel expansion tank is approximately 40 ft3
and the gas volume is a.pproximately 35 ft3 With a fuel purge gas r_a.té
of 5 cfm, approximately 350 kw of beta heating from the decay of the
fission gases and their daughters is deposited in the fuel and on metal
surfaces of the fuel expansion tank. This 350 kw of heat is partly re-
moved. by the bypass fuel circuit and the balance is transferred through
Ethe expansion tank walls to the reactor blanket. .

. ‘aThe'mixtu're_ of fission gases, decay products, and purge helium
1eav;e"s the expansion tenk through the off-gas line, located in the top
ef the tank, and Joins with a similar stream from the blanket expansion
tank (se¢ Fxgure 1.5). The combined flow is delayed approximately 50 min
in a coo]:ed volume to allow & large fraction of the shorter lived fisdsion
p%oducts to decay before entering the cooled carbon beds. The carbon
beds provide a holdup time of approximately 6 days for krypton and much

1oqger for Xenon,

The purge gases, essentiaily free from activity, 1eave the cerbon
'bedé‘ to join=the gases from the gas-lubricated bearings of the pumps.
The- ‘gﬁses aré then compressed and returned to the reactor to repéat the -
cycle. Appraximately every four days one of the carbon beds that has 7
been’ operating at minus 40° F is warmed to expel the Kr85 a.nd other long—
llved fission: ;product‘,ﬁ '
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Fig. 1.5. Schematic Flow Diagram for Continuous Removal of Fission Product Gases.




| ‘ .3. Molten Salt Transfer Eguipment

‘The fuel transfer systems are shown gchematically in Figure 1.6.
Selt freeze valves, described ,in_Pe.rt 5y are used to isolate th_e indi= -
- vidual eomponents in the fuel "‘l';rans_fer lines end to isolate the chemical
plant from the components in- the reactor cell, With the exception of
the reactor draining operation, which is described below, the 1iquid 1is
‘ fb,-i'ansferred from one vessel tq‘ahO'_bher by differentialj gas pressure.

' By this means, fuel may be added to or withdrawn from 'bh_e reactor during
pover operation. | ‘ :

The fuel added to the reactor will hs.ve & high concentration of
02353‘1'_, with respect to the process fuel, so that additions %o overcome
burnup will require transfer of only a small volume; similarly, thoriume
bearing molten salt may be added at any time to the fuel eysbem. The
thorium, in addition to being e design constituent of the fuel salt,
~ may be added in amounts required to serve as e nuclear poison for ad=-

- Justing the mean core tempera.ture. ‘

" When fuel is removed from the reactor, it first goes to one of the
withdrewal tanks. These tanks will be sized to serve as holdup vessels |
from which material may be ]afer transferred to the chemical plant. |
The chemical processing plant is considered to be.an integral part of . |
the reactor complex; however, the chemical processing plant 1s set apa.rt

from the reesctor, is contained in sepe.ra.te cells and hs.s & sepe.rate cons

trol center. _As indicated elsewhere, the fuel-reprocessing cycle assumed
for this report requires an average daily withdrawal and addition of
about 2 ft3 of fuel. If & 30-da.y holdup of fuel is required for cooling
" before chemica.l processing, the withdrawal vessels must provide -3 volume
of 60 £t3. They will require both & heating and a cooling system simi-
lar to those provided for the main fuel  fill-end-drein tenks in order |
to maintain the temperature within reasonable. 11mits.

."18-
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For the main fuel drein circuit, mechanical valves will be placed

~ in series with the freeze valves to establish a stagnant liguid suitable

for freezing. ' Normally these mechaniéal velves will be left open.

Draining of the fuel will be accomplishéd by melting the plug in the freeze
_ line end. aliowing the fuel o drain by gravity. By bpéning'gé.s pressure

- equalization valves, the liquid in the reactor will flow to. the drain ta.n.k,
‘and the gas in the drein tank will . be transferred to the resctor system.

Thus gas will not have to be added to, or vented from, the primary system
Two valves are 1ocated. in parallel in the :fuel drain line so that a spare
path will be available in 'the event of failure or need for repeirs.

All the 1liguid transfer lines will be equipped with heaters and
covered with insulation so that the system may be held at temperatures

' a‘bove the fuel melting point. Since the main drain line is at the 'bottom

of the reactor, there will always be fuel in it. This line is kept from
freezing or overheating by use of a circulation bypass, as shown in Figuz_'ga
.6; to keep the stagnant portion confined to the freeze valve area. This

bypass provides a certainty that the drain line to the freeze valve is

always at temperature s&nd open for draining.

The blenket fluid transfer system is essentially the same as the
fuel system. A chemical processing plent will be provided for the blanket
salt, which may serve as s ba.ckup cs.pacity for the fuel reprocessing

- plant. .

3.4, EHeating Equipment

The melting points of the process fluids used are all well above
room témpera.ture. It 1s thus necessary to provide a means of heating
all pipes and equipment conté.ining' these fluids. This will, in general,
be accomplished by providing electric heaters to all pipes and equipment.‘.
Inside the reactor cell, the heaters are incorporated in removable ase~ '
gsemblies that consist of the heaters and the insulation, es shown in
Figurenl.'?. Outside the cell, conventional methods of insgtelling heaters
and insuletion are used.

da
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3.5+ Auxiliary Coalmg

Cooling is provided in the reactor cell to remove the hea.t lost
through the pipe insulation and the heat generated in the structural
steel pipe and equipment supports by gamms-ray a.bsorpfbion._ The_ heat ‘
is removed by means of forced gas circulation thrqugh radiator-type
-space coolers. A cooling medium, such as Dowtherm, in & ciose§ loop

removes heat from the space coolers and dumps it to a water heat ex-

.. changer.

3.6. Remote Maintenance

Provisions are made to carry out all maintenance operations in
“the reactor cell by remote_means. .While some small repairs may pos-
A'si'bly'be made in the reactor cell, the principal requirement is to be
able to remove and replace by remote means all the necessary components
in the reactor cell. This will iﬁclude pumps, heat exchangers, pipe, -
heaters for pipe and equipment, instruments, and even the reactor ves-

sel, '

A prime requisite for remote maintenance is a reliable method of
maeking and breaking joints in pipe. This can be done, either by de=-
veloping & remote cutting and welding process or by developing a satis-
factory flanged pipe joint (see Part 5). (The development of & remote
welding process is undérway at Westinghouse on the PWR project,)

All equipment and pipe Joints in the reactor cell are laid out so
that théy‘ are accessible from above, Directly above the equipment is
a traveling bridge on which can be mounted one or more remotely opera=-
ted manipulators. At the top of the cell is another traveling bridge
for a remotely operated crane. At one end of the cell is an air lock
that connects with the maintenance area. The crane can move from the
bridge in the cell to a monorail in the air lock.

- 22 =
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When it has been ascertained that e plece of equipment should be
- replaced, the reactor will be shut .ﬂbﬁ'zi,a‘nd drained, end the piece of
ia.ul‘&# equipment will be removed according to the following procedure.
'The manipulator will be trensported by the crane from the maintenance
erea through the air lock, to the cell, and pla.ced on the manipulator
'bridge. The mnipula'bor wil’L then be uaed to disconnect all .’mstru-

' ment, electrical, and service connections from the equipment and to

~ unfasten the flanges tying the eguipment to the system. The crane

will then remove the faulty equipment and trunsport it to the maintee
nance area, The crane will then be used to move & spare piece of equip=
ment into the cell for installation with the use of the ma.ni;pu]a.toro
After completion of the replacement, the man:lpulator will be removed
from the reactor cell by the crene, the air 1ock vill be closed, and

the reactor will be ready for startup.. Prelinimry te,sts with e Generasl
Mills manipulator have @émdnst:‘ated the feasibility of remotely removing
and replacing the roteting sssembly of e liguid metel pumpe It appears
therefore that satisfdét"ary techniques can be developed for remote

maintenance. - : e

Closed-circuit televigion equipment 1s pmvided for vi.ewing the
‘maintenance opemtion in the celloA e number of cameres a.re mounted to
| -ghow the opera.tion from different angles, and- periscopes give & direct
view of the entire cell.

The maintenance area ie d.ivided. into hot end cold shop areas. The
: cold shop will be . used for. general repa.ir work on equipment that can be

e s ;handled directly. : 'I‘he hot shop ares will be used to (1) repair rainte-
. .pance equipment that can not be handled directly; (2) to digassemble
- ?failed equipment to detemine the cause of failure; (3) o prepare hot
equipment for diaposal, that e, ’ cut or. disassemble la.rge equipment to.
o ‘manageable size, place :ln coffins, etes; a,nd (1|.) to reps,ir failed equip~

i B ment within the 1imits of that which can be done with the equipment re-
o quired for the other hot-shop opemtionse A completely e(;,uip;ped. hot

u23¢-




- '.shop capeble of making any and a.11 repairs to all eﬁﬁipment does not '
. appear to be eeonomically advisable for the anticipated raintenance o n T

" work for e single reactor plant. Although it is possible to remove ,

. and replace the reactor, it is & comparabively simple and rugged piece
of equipment with a low proba.bility of 1allure, and therefore & spare
rea.ctor will no‘b be provided.

(2

Maintenance of the intermediate godium circuits will be done di-
rectly.. In case of an equipment failure in one of these eircuits, the

= loop will be dreined. At the end of a fairly short period, for resié.ua.l

“Na- 2k to decay, it will be possible to remove the top slab from the second-

ary cell end remove and repla.ce the faulty equipment by usins the 'building

o .cra,ne and direct maintenance procedures. Each secondary cell is ‘shielded,

so that the a.d.ja.cent cells need not be drained to make & repair.

B -3 7. Fuel Fill-and-Drain Tenk

The main fuel fill-and-drain system nust meet the- following wa jor
design criteria: :

(1) A preheating system must be provided that is capable of main-
taining the drsin vessel and its connecting plumbing at 1200°F.

(2) A reliable heat-removal system wust be provided that has suf-
ficient capacity to handle the fuel afterheat.

(3) The drain vessel must be "ever- safe" so that & cri'bica.l cone
d.ition cs.nnot occur when the fuel 1s drained.

The fuel dreining operation has not been considered as an emergency
_ procedure, that is, one vhich must be accomplished in a re]atively short
- period of time in order to prevent & catastrophe, There are,. however, _
other ‘incentives for rapid removel of the fluid from the fuel circuit.
. If, for example, there were & leak in the fuel sys'tem-it*woﬁld be inme
- portant to 'dr'ain the fuel in order to minimize the cell contamination
and cross contami:ie.tion of the systeme; 'Further, rapid removal of the
fuel at the time of & shutdown for maintemance would have an economic
a.d‘vaiztage in reducing -the power outage time. |

Ceh-
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. A -consideration of these factors indicated that the maximum efter-
heat design load shotld be 10 Mw for & 600 Mw reactor that had been
operating for one year and had been shut down for 10 min before the fuel
drain was started. No credit was taken for fission-gas removal during

" operation.._ It was further estimated that 15 min would be required to

-remove the fuel from the reactor.

For the drain vessel design calculations, it was assumed that at
1200%F the fuel system volume would be 600 £t3. The design capacity of
the drain vessel was therefore set at 750 £43 in order to allow for
temperature excursions and a residual inventory. An array of 12-in.-
die pipes was selected as the primary containment vessel of the drain
systen in order to obtain & large surface area-to-volume ratio for heat
trensfer efficiency and to provide & large amount of nuclear poison ma-
terial (see Figure 1.8). Forty-eight 20-ft lengths of pipe are arranged
in six vertical banks connected on alternate ends with mitered joints.
The six banks of pipe are comnected at the bottom with a common drain
line that connects with the fuel system. The drain system is preheated
and mainteined at the desired temperature with electric heaters instal-
led in small‘-dia.me‘ber pipes loceted axially inside the 12-in.-dis pipes.
These bayonet-type heaters can be removed or installed from one face of
the pipe array to facilitate maintenance. The entire system is instal-
led in an ;i.risulated room or furnace to minimize heat losses.

The removal of the fuel afterheat is accomplished by filling boiler
tubes installed between 4the 12~in.-dia fuel-containing pipes with water

- from headers that are normally filled. The boiler tubes will normally
A ‘be dry end at the ambient tempera.ture of a'bout 950°F Cooling will be
'accomplished by ‘slowly floo&ing or “quenchmg" ‘the ‘tubes which furnish

a heat sink for redisnt heat transfer from' the fuel-containing pipes
to the boiler tubes. For the peak afterheat load, abou'b 150 gpm o:t‘

water is required to supply the boiler tubes.
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Fig. 1.8, Drain and Storage Tank for Fuel Salt of Molten Salt Power Reactor.
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B ‘:additidna.l syéi;ém handles the power

This fill-end-drein system satisfies the design criteria in that
it 1s always in & stendby condition, in which it is immedistely available
for drainage of the fuel, it:can adequately handle the fuel afterheat,
end it provides double conteimment of the fuel, Heet removal is essen-
tially self-regulating in that the emount of heat removed 1s determined
by the redisnt exchange between the vessels end water wall, Both the
water and the fuel systems exe at low pressure, and & double failure
would be required for the two fluids to be mixed, The drein system teuk
mey be eesily enclosed and sealed from the stmosphere becsuse there are .
no lsrge gas-co_o:!.ing ducts or other major external systems connected to
1t, A steinless steel tray will be placed below each benk of pipes to
catch the fuel if & leek develops. These treys will be cooled by water .
walls to preven't any possibility of meltdown and destruction of the eell,

A preliminary eriticality caleulation was mede in & drain tenk as-
sembly without cooling walls. A multiplicetion constent of 0.2 was esti-
mated for a fuel containing 0.5 mole % ThF), end 0.125 mole % UF) &t &
temperature of lESOOF.

4, HEAT TRANSFER SYSTEMS

The intermediate heat transfer sysﬁems use sodium as the working
fluld to trensfer heat from the fuel to the steam system, The latter
accepts the heat in the steam generators ’ the superhea.ters, end the re-
heaters, A diagram of the hea:b removal is shown in Fig. 1.9. A speci
fica:tion 'l'.he.t 'bhe steam system components should. be ccmpletely radiatidn-
- free dictated 'hwo eodium circu:l.’ss for ee.ch heat tre.nsfer path.

Ii’ourf_—,snz'vtef,-ms: in ;paxa.:u.el remcwe heat frcsm the ‘resctor fuel; en

| nerated in the blanket salt. Each
-__of the five syatems 19 separa.te a;nd ihdependent up. £y the point where
'bhe superheated steem ﬂcw paths .join a.head of the turb:l.ne ’

-
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Each primary sodium circuit includes & primary heat exchanger in
the reactor cell and a pump and a secondary heat exchanger located in a .
cell adjacent to the reactor cell. No control of flow rates is required,
8o there are no valves, and constant=speed centrifugal pumps are used.
With a pump stopped, thermal-convection flow would be available to remove
afterheat from the reactor. The secondary heat exchangers are of the
U~tube in U=-sghell, counterflow design, with the sodiwm of the primary
circuit in the tubes and the sodium of the secondary circuit surrounding
the tubes. In order for the sodium to be at a lower pressﬁre, then that
of the fuel in the primary heat exchangers, the pumps for the prima:& |
sodium circuits are on the higher temperature legs of the circuits, The
essential characteristics of the various heat exchangers are described
in Table 1.2.

The secondary sodium circuits, except for the secondary heat ex-
changers, are outside the shielded area and thus are availsble for ad-
Justment and maintenance &t all times. Three paths are provided for the
sodium flow from & secondary hest exchanger: a steam superheater, a
steam réhea,ter, and a bypass line for control. Regulating valves auto
matically adjust the flow to sult the load conditions, so that at very
low loads most of the flow is through the bypass line. |

The three sodium streams are recombined in & mixer or blender, vwhich
leads to & three-way valve. At design point, about one-third of the flow
returns directly to the pump suction and two-thirds enters the steam gen-
erator as the driving stream of & Jet _pmp The Jet pump, - loceted verti-
cally a.long side the steam generator, is e.saisted by themal-convection
flow upward in the Jet pump and dowxrward in the 'boiler., At low pover
levels, ;. th:l.s serves to mainte.in e good recirculation rate a.nd ensure good
stability of control The three-»way va.lve permits the steam generator
circuit to be isolated from the remainder of the ‘sodium so that at zero
'_rpower the enti.re boiler ‘becomes. isothe:ma.l at the saturation temperature,
wd 'bhe pressure :Ls ma:!ntained at the desired level.
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f‘uel ‘and Sodlum to Sodium Exchangers

Table

1.2, Data for Heat Exchangers

Primaxy System

Number required
Fluid

Fluid location
Type of exchanger

Temperatures

Hot end, OF

G014 end, °F
Change

AT, hot ¢nd, °F
AT, cold end, °F
AT, log mean, °F

Tube Data

Material

Outside diameter, in.
Wall thickness, in.
length, £t

Number

Pitch (A), in.
Bundle diameter, in.

Heat transfer capacityé Mw

Heat transfer area, ft

Average heat flux, 1000 Btu/hrsft2
Thermal stress,* psi

Flow rate, f£t3/sec

Fluid velocity, f£t/sec

Meximm Reynolds modulus/1000
Pressure drop, psi

* [o&/(1-7)] [(mex AT-of wall)/2)

\‘ .
. s R

Fuel
Shell

M

salt Primary sodium

Tubas

U~tube in U=-shell,

1210

1075
135

counterflow

1120
925
195

90

150

117.5

INOR=-8

1,000

0.058

23.7

515

1.1

28

1y
2800
175

9200
46,1
19.7
523
15.5

Secondary System

L
Primary sodium
Tubes Shell
U-tube in U=-shell,
counterflow
1120 1080
925 825
195 255
100
65.6

Type 316 stainless steel

0.750

0. 011-9

21.5

1440

1 0,898

36

14
5200
95

8200
46.1 33,6
13.9 13,2
270 166.0
10 14.8

Secondary sodium
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Sodium to Steam Exchangers

Number required
Fluid

Fluid location .
. Type of exchanger

Temperatures

Hot end, °F .
Cold end, °F
Chenge, °F -
AT, hot end, °F
AT, cold end, °F
AT, log mean, °F

Tube Data

Msterisl ‘
Outside diameter, in.
Wall thickness, in.

- Length, ft :
Number
Pitch (4A), in.
Bundle diameter, in,

Heat transfer ceapacity, Mw
Heat Transfer ares, fté
Average heat flux,

1000 Btu/hrsft2
Thermal stress,* psi
Flow rate, ftJ/sec

1000 1b/hr

Fluid velocity, f£t/sec

Maximum Reynolds modulus/1000

Pressure drop, psi

Table 1.2.
Steam Generator
. ; 4
Secondary water
sodium
Shell Tubes
Bayonet,
counterflow
825 621
THO R , 621
85 ' o]
: 119
204
158

2.5% Cr, 1% Mo Alloy -
| | 2

0.180
18
362
2.75
55

82.2
2800

100
18.600
5T+5

5.6
%00
5.7 (Jet pump)

410

¥ [oas:/(1-})] Ema.x AT of wall)/aﬂ

L]

L]

5% Cr, 1% Si Alloy

0.750
0.095
25
480
1.00
23
39.2
1760
76
9000
15.5
406
9.3 61
164 396

6.9 10.3

(Continued)
Superheater Reheater
b , L
Secondary Steam Secondary Steam
sodium sodium
Shell Tubes Shell Tubes
U=tube in U=-shell, Straight,
counterflow counterflow
1080 1000 1080 , 1000
9%0 621 1000 640
150 : 379 8o 360
80 80
309 360
169 - 186

54 cr, 1% Si Alloy

0.750
0,065
16.5
800
1.00.
29.7
22.6
j 2200
35
5000
16.8
399
7.9 137
163 167
3,2 10.4




A portion of the cooled sodium leaving the steam generator circuit - -
returns to the pump suction, which is constructed as a blender, end mixes ‘
with the stream bypéssed through the three-way velve. The centrifugal
pump is specified as two-speed, with the second speed being one-fourth , :
of full speed to give essentia.uy one-fourth of the full flow so that
the power output may be more easily regulated from 25% dovn to very low
levels.

The steam genere.tor, Fig. 1.10, consists of tubes suspended in the
flowing sodium. In this lewis-type boiler, the water flows through &
central tube to the bottom of each bayonet and boiling occurs during
upwerd flow in the outer eamnulus., Baffles in the steam dome separate.
the water and steam, and the water returns to & tray which collects it
for recirculation,

Just below the tube sheet and above the sodium, & thermel barrier
and & gas space are provided to permit the tube sheet to be at the satu-
retion temperature and thus avoid thermal stresses. In addition, the
gas space will serve as & cushion for the initiel shock in the event a
tube ruptures and water leaks into the sodium.

The superheater is & U~tube in & U-shell, counterflow exchanger,
with the steam inside the tubes. As in the steam generator, there is a
thermal barrier between the sodium and the tube sheet at the cold end
in order to minimize thermel stresses. The reheater consists of straight
tubes in a straight shell. With the sodium on the shell side, the tem-
perature difference between the shell and the tubes is sufficiently smell
thet this more economical construction can be used. The reheaters are

a located nesr the 't:u'.r"b:!.::le5 to give a small pressure drop in the reheated

stean.

S 5R. H. Shennon and J. B. Shelley, "Double Reheet Cycle - Next Step?" ,
Power, Februery 1953 pp 98-99. ' -
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5. TURBINE AND ELECTRIC SYSTEM

Steam is supplied to the 275-Mw-rated turbine at 1800 psié. end 1000°F,

The single shaft of the turbine operates st 3600 ¥pm; there are three
exhaust ends, The turbine heat rate is estimated to be 7700 Btu/kwh

-' for a cycle efficiency of 4hi,3%. The electrical generator end station
heet retes ere , respectively, 7860 and 8360 Btu/kwh. With 6% of the
electrical generator output used for station power, the supply to the
bue bexr ie 260 Mw. These estimates are based on Tennessee Velley
Authority heat balsnces for e turbine of this type ,6 with adJustnienté
mede for the modified steam conditions' end the different plent require-
ments of the molten—salt reactor systan.

. The conditions given ebove were selected to glve the minimum cost.
Increased cycle efficiency could be obtained with higher tanperatures
- end higher pressures, but the increase in efficiency would be offset by
the increa.sés in equi;pmenf, costs assoéia.ted with the higher temperatures
and pressures.

6. NUCLEAR PERFORMANCE

The nuélea.r behavior of the particuler molten-salt reactor and fuel
processing cycle selected for this design study is presented in this’
gection. (A more déta.iled paxrametric study of the nuclear performence of
. molten-salt reactors is given in Part 4.) The reactor could utilize either

0235 or 023 5 s but, since LF 3_5 ‘is the only isotope presently availeble in
- quentity, it was selected as the primary fuel, For comperison with other
reactors designed to use 023 5 es a fuel, the performsnce of molten-salt

reactors fueled with P22 is given in Part k.

61he date used were for Units Nos. 5 and 4 of the Gallatin Steam
Plant, Gallatin, Tennessee.

TH, R. Reese and J. R. Carlson, "’.['he Performance of Modern m:ﬂaines "
Mech. Engr., March 1952, p 205.




For the nuclear analysis » the reactor was conceptually resolved into
& spherical core having & uniform temperature of 1180°F, a thin epherical
aore shell of INOR-8, & spherical ennulus of blanket fluid, and e spheri-
¢al reactor shell, A blanket thickness .o.f'e It appeared to be sufficient
%o prevent excessive losses of neutrons to the outside, and a core vessel
thickness of 1/3 in, vas used. A reactor shell thickness of 2/3 in, was
selected for the ce.lculat:l.ons, but, in many cases, the reactor shell ves
neglected in order to shorten the calculetions.

The remaining independent vaz-iables of significance were the concen-
tretion of thorium in the fuel salt, the dlameter of the coms, and the
fuel selt reprocessing rate. Of prineipal interest were the corresponding

eriticel inventories of U2 35 end 02 35 end the regeneration ratio. In

Pexrt 4, the results of a paremetric study of the initial states are pre-
sentedy that is, the results are for "clean" reactors, having no fission
fregments or nonfissioneble isotopes of wranium other than U258 present.,
However, the optimm system could not be determined from such & study
elone; in perticuler, the time after startup when processing is initiated,
the method of processing, and the rate are importent factors. The pare-
metric study of varlous fuel reprocessing schemes that is under way &t
present is deseribed in Part 4, Thie study is not yet complete beceuse
the number of poséible combinations of independent variables is quite
lerge. Therefore, a typlcal set of conditions, which may turn out to

be nearly optimum, was selected for presentation.

A core ‘diemeter of 8 £t and & ‘bhofitm concentration of 1.0 mole 4
in the fuel se.lt ware selected as & ree.sone.ble compromise between the

~desire to minimize the mventozy of 02 35 a.nd to maximize the regenere.~

tion retio, The ‘nuclear perfoma.nce of the initiel state 1s set fourth
in Ta.ble 1.5. _ :

A comrersion ratio ef 0.65 is helieved to be a.bout the meximm that

cen be obtained in a homogeneous m.olten fluoride salt system with 0255

as the fuel (see Part 4)e The perfoma.nce with 112 > would be substa.n-

- tielly ’oetter, of course, ’ a.nd regeneration ratios of 0.90 or higher could
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Teble 1.3. Initial Fuclesr Charscteristics of e Typicel
Molten-Fluoride-Salt Resctor .

Core diameter: 8 ft

Power: 600 Mw (heat}

Ioed fector: 0.8 ' ' _5
Volume of externsl fuel system: 339 £t”-
U-2%5 inventory: _

Regeneration ratio: 0.63 .

: Cation
Inventory Concentration Atonm Density Neutron Absorption
(xg) (mole %) ~ (Atoms/cm) Batios*

. | I x 1089 L
Core S . -

v-235 6ok . o0.25% 9.09 B

Fissions : ' : - 0.729
n-7y A T o T 0.271

v-238 . k5.3 _ 0.019 0.67k - 0.039

Th 2100 1.0 32,0 0.3%64

I 3920 61 1982 = S ¢

Be 3008 .37 1183 (0.102

F . 24000 ' LhTT7 |
Core Vessel 0.052
Blanket | : o , .

Th 30500 13 392 0.228

Ii - 5030 Tl 2139

Be 1460 16 : 482,2 (0,021

F 25100 L6T1
Leakage e - . 0.00k -
Neutron yield, 7 7 _ 1.8

% Neutrons ebeorbed per neutron ebsorbed in U-235.



be obtained in the clean reactors. Further, as discussed in Section 2
above, the use of graphite to moderate the fluoride reactor may result
in substantial improvement.

The neutron balence ig presented in terms of neutrons absorbed in
each element per neutron &bsorbed in U23 2 Thus the sum of the a.béorp- |
tions in thorium end U2 give, directly, the regeneration ratio, and
the sun of all the ebsorptions givesM, the number of neutrons produced
by fission per neutron ebsorbed in 025 5. hn exemination of Table 1.3
shows that about one-third of the regeneration takes plece in the blenket.
The single, most importent loss of neutrons is to radiative capture in
Ua3 2 s if ether parasitic captures and leskages could be reduced to zero,
the regeneration ratio would still be limited to 0.80 in this reactor
by radiative capture in U25 2 . The other important losses are to carrier
salt in the core and to the core vessel, which reduce the regeneration
retio by 0.10 and 0.05, respectively. ILosses to the blanket salt and to
legkage smount to less than 0,02 neutrons, ' “

Of the neutrons lost to the carrier salt s the majority are captured
by fluorine, and the loss is unavoldable. The lithium is specified to A
be 99.99% Li7, end the L16 content is estimated to be about equal to that
which would be in eguilibrium with the n-0 reaction in beryllium. Hence,
there is no point in specifying & lower concentration of Lis., The system
contains nearly 10,000 kg of purified L:i.7° Of the neutrons lost to the
core vessel, about one-third are captured by the molybdenum; nickel cap-
tures account for most of‘ the rema,ining loss. Increasing the herdness -
of the neutron spectnzﬁ by increa,sing the thorium concentration tends to

decreese the abso;ptidns in the carrier ealt and in the core vessel, but .

this decrease g ‘moré than offset by the decline in M of 11255 at higher |
energles,

The e.ccumulation of fission fragments end nonfissionable wrenium
isotopes tends to increase the inventory of 1125 5 and to depress the re- -
generation ratio. ~The production of U2 35 tends to counteract these
effects, Nevertheless s 1f the fission products are not removed, the
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inventory of U235 will increese rapidly from 600 to 900 kg during the
first year of operation. The regeneration ratio will fall from 0.63 to
0.53 in the same period. About TO kg of ‘.123 5 will have accumulsted, of
which 85% will be in the fuel salt.

The nuclear characteristics of the system et the end of the first
year are presented in Table 1.4, As msy be seen, the mcr"ea.singrhardness
of the neutron spectrum results in a decrease of losses of neutrons to
the fuel salt and to the core vessel to 0.012; “but this saviﬁg is more
then offset by the corresponding decline in M to 1.78 (averaged over
all three fissionsble isotopes present).

If the fission products were ellowed to a.ccumtlate further, the
U25 2 inventory would coantinue to rise. If, however, the fuel salt is
reprocessed continuously at the rate of one fuel volume per yesr (thus
holding the fission product concentration constant) s the 025 2 inventory
and regeneration ratio can be held stationary, as shown in Part 4, Fig.
4,10, The continual increase in the concentrations of nonfissionable
uranium isetopes is compensated by the accumuletion of 023 5 « A neutron
balance for the system at the end of twenty years is given in Teble 1.5.

As msy be seen, 0256 is much more haxrmful than 0258 s Bince it cap- .

‘ tures 2.5 times as many neutrons and does not form & fissionable isotope.

Despite these losses, however, the regeneration ratio does not decrease
appreciably, mainly because of the superior properties of 023 5 s which
provides 40% of the fissions.

In summary, once reprocessing to remove fission products is begun’;
nuclear performance of the system is stabilized to a satisfactory degree
for twenty yea.rs.‘ No provision for the remova.l of the nonfissioneble
isotopes of uranium need be made. ' |

If desired, the trensients during the first year of operation cen’
be largely eliminated by ellowing the thorium conesntration to decrease R
rartly through burnup end partly through withdrawal. Such & case is
shown in Fig. 4.10 as a dashed line, in which the core reprocessing is
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Table 1.4, Nuclear charécteristics of & Typicel Molten-Fluoride-Salt Reactor

After Operation for One Year Without Reproéessing of the Fuel Salt

Core diemeter: 8 ft
Power: 600 Mw (heat)
Ioad factor: 0.8

Volume of external fuel system: 339 ft5
U-235 inventory: 890 kg
Regeneration ratio: 0.53
: Neutron Fraction
Inventory Concentration  Atom Dens%ty Absorption of
(kg) (mole %) (Atoms/cm”) Ratios* Fissions
x 1019
Core .
U-235 890 0.43 13.4
Fissions 0.618 0.861
n-y 0.262
U-233 61 0.029 0.926
Fissions : 0.090 0.126
n-y 0.01%
Pu-239 6.8 0.003% 0.101 ‘
Fissions 0.009 0.013
n"'7 - O 0006
Th-232 - 2100 1.0 32.0 0.299
Pa-233 8.2 0.00k 0.125 0.005
Li~-Be-F 0.080
U-234 1.9 - 0,0009 0.029 0.001
U-236 6202 Oeom 00953 0-052
Np-~237 4,2 0.002 0.062 0.004
U-238 5709 00058 00860 00036
Fission v
fragments -181 : 0.172 4,46 0.068
Core Vessel - . Xﬁﬁﬁﬁw 0.042
Blanket |
Th-232 - 30500 13 392 0.206
‘Pa-233 - 945 - 0.0024 0.071
U-233 8.5 0.0037 ~ 0.110
1i-Be-F : S 0.010
leakage 0.00%
Neutron Yield, 7 1.78

¥ Neutrons absorbed per neutron sbsorbed in U-235.
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Ehble 1.5,

Nuclear Characteristics of 8. Tygical Molten-Fluoride-Salt Reactor

After Operation for 20 Yeers. uith ggghénnguaﬂasmpval of Fission Prodncts

. Core- diameter.ﬁ

" Power: 600 Mv:(heat)

Ioad factor:

008

Reutron.yield, g

........

- Volume of externsl fuel. aystem' 339 ft5
U-235 inventory: 870 kg = -
Regeneration rqtio*_ 0.53%
. Keutron - Fraction
Inventory Concentration Atom Dens%ty Absorption of
(xg) (mole %) - (Atoms/em Ratios¥* Fissions
o x 1019 |
dore ; ,
u-235 872 0.410 13.1
Fission 0.407 0,550
n-y 0.182
U-233 312 0.152 4.85 ]
Fission _ 0.3%03 0.410
n“'7 . 00028
Pu-23%9 52,6 0.0khL 0.778
Fission 0,030 0.040
n-y . 0.022
Th-23%2 1.00 32.0 0.255
Pa-233% T.%2 0.0032 0.102 0.003%
Ii-Be-F 0.073%
U-234 12.L4 0.058 1.87 0.026
U-236 L8 0.210 6.2 0.1h47
Np-2357 ; 0.015 0.471 0.019
U-238 -0.060 1.91 0.056
Fission
fragments 0.085 2.7% 0.045
Core Vessel | 0.043
 Blanket
Th-232 30500 13 392 ' 0.195
Pa-2%3% 5.0 0.0021 0.064s5
U-233 3%.0 0.01k0 0.h22
1i-Be-~F : 0,009
1.84

* Feutrons sbsorbed per neutron ebsorbed in U-235.
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 begun immedistely end the thorium is removed at the rate of 1/900 per

day, in addition to the normal burnout at the rate of 1/4300 per day.

The critical inventory rises within one month to & meximm of 626 kg and
then falls to 590 kg at the end of eight months., At this time the re-
processing rate is increased to 1/360 per day, end the thorium is returned
to the core, Thus, the tho:é:!.mn concentretion falls thereafter only by
burnout. The regeneration ::e.tio is little different from that of the
previous case during the first two years, as indicated by the dashed iine,
but 1t falls steadlily thereafter. The U25 5 inventory rises slowly, but
the 025 5 inventory is stabilized at 200 kg after about six years. The
0255 inventory could have been stabilized at the tweo~year value by modest
withdrawals of thorium; however, the regeneration ratio would have fallen
fester and additions of U23 5 to compensate for burnup would have been
greater.

A necessary condition for the feasibility of a molten-salt reactor
is the integrity of the core vessel. This member is e:@osed to high-~
:Lntensity neutron and gemma fields, and it 1s therefore subject to both
 rediation damage end thermal stress. With a preliminary estimate of the
heasting in a comparsble reactor having & pure nickel core vesse18 as &
basis and with allowance made for such differences as diameter amd com=
position of the fuel salt, the combined gamma and neutron heating in an
8-ft~dia INOR-8 core vessel in & reactor heving 0.5 mole % ThF), in the
- fuel salt and operating at a power level of 600 Mw of heet was estimated
to be not greater than 12w/ am’ of metal. The rate of heat relesse in _
the blenket salt was estimated to be not greater than 50 Mw, exclusive
of eny. contribution from fissions in the blanket, which may add up to
a.nother 50 Mw. ‘

S G. Alexender ‘and L. A. Mann, First Estimate of Garma Heeting

in the Oore Vessel of & Molten Fluoride Converter, ORNL~CF 57=12=5T4
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T. PROCEDURE FOR PLANT STARTUP

The initiel etartup of the plent will be accomplished in four steps: ‘
(1) preliminary checking of the systems, (2) preheating end £illing of kN
the fluid circuits, (3) enriching to criticality, and (4) operating at
low power., The integrity and proper functioning of the equipment will
be established, insofar as poséible, in the preliminary checking of the
system., This step will include, in addition to cleaning and leak testing,
checks of instrument and elerm equipment settings and functioning, cone
tinuity end polerity of the electrical circuilts, direction of rotation
of rotary elements , and operation of valves end suxiliary systems. |

In the second step, the fuel, blanket salt, and sodium circuits
will be pi‘eheated to sbove the melting points of the various mediums
and then filled. The preheating loads will be divided into manageable
sections that cen be sutomaticelly monitored for hot and cold spots so. v .
thet thermal stresses may be min:f.mized. The systems will be filled at
temperatures as low as practical so that full advantage can be taken of
fluid circulation as a means of bringing the system to an isothermal con~
dition before enrichment. During the initial period of fluld circulation
to establish the isothermal condition, the proper functioning of the flow
control equipment will be established. Also the cleanliness and metal=-
lurgical stability of the contaimment system will be evaluasted by anslyzing
samples withdrawn from the fluld systems. The opersbility of the fuel
system withdrawing and enriching equipment will be checked with baxren .
salt; the high-temperature instrumentation will be checked; the draining
and refilling procedures will be verified by testing; and remote mainten-
ence techniques will be tried out. This period of nonnuclear isothermal
operation at high temperature will elso serve to familiarize the operating
crews with the system and to establish their confidence in its gperability.

The preheating and fillihg procedures will begin with the 1ntrod.u¢-
tion of water to the stesm generators. The steam generators and the 3
sodium systems will then be preheeated to 550°F, which will produce a
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pressure of 150 psil in tﬂé.sieam system., The éoéim will then be pres-
purized from the sodium drain tenks into the primary end secondary sodium
systems, the sodium pumps will be sta.i'ted, end flow will be established.
Both sodium systems will then be further heated to 600°F by using the
electric heaters end by making use of the fluid circuletion. Simulta-
neously the fuel end blenket circuits will be heeted with electric heaters
to the same temperature. The pressure in the steam generators will h;a:ve
risen to epproximately 1800 psi and, before further system heating is
aettempted, & small loed will be imposed on the steam generators to hold

the water temperature to 600°F as the rest of the circults are heated to
higher temperatures. The steam generators will be loaded by bypassing

& small steam flow sround the turbine. This load will be determined by

the smount of :éxcess power aveilsble during the hesating period from pumping
power and external heat sources in the systems. The load will be low '
relative to the design cepacity of the steam generators; there will probebly .

‘be less than 1 Mw available for bypass steam generation in the five units.

At this juncture any increese in water temperature (above 600°F)
would result in overpressurization of the steam system, and if the steam
generators were allowed to evaporate to dryness end go to higher tempera-
tures, severe thermsl shocks would be imposed on the structures when
water was again introduced. Therefore, the sodium flow to the steam
generators willl be reduced as the reactor systems .a.re eleveted in tem-
perature, The flow in the secondary sodium loops will be reduced by
lcwering the pump speed, wh:l.ch in turn will reduce the flow to the steam

o --'generators ’ and the throttling va.lves will be mainyulated to reduce the
:"'proportion of the tota.l flow through the genera.tors end to shunt the £low
e around the. superheaters. , 27 o

When the rea.ctor a.nd ;primary sodium circuits have been Preheated '
to 1100 F, .the sa.lts will then ‘be cha.rged from the dump tanks :lnto the
process circui-bry, ‘and flow w:l.ll be established. ' ‘
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At this time all the reactor heat transfer loops will heve been filled, ’

and the reactor will be operating isothermally at 1100°F. The steem gen-
erators will be running &t temperatures less than 625°F, and the super-
heater end reheater sodium circuits will be running et tempéra,tures.’less,
then 1100°F but greater then 625°F. The heet that is transferred through
the systems by virtue of the 475°F gradient will be dum;ped in the steanm
bypassing the turbine. This heat losd may be verled by chenging the rate
of dumping of the stéam end the sodium flow rate in the steam generators.

_ When it haes been established that the plent is performing satisfac- .
' torily and that the systems arve tight and chemically clesn, the critical
experiment will be started. Fuel concentrate will be added to the resctor
through the enrichment system. Approximately 38 £4° of LiF-BeF,-~UF), mix~
ture centaining 2.5 mole % UF), will have to be edded to the 5%0 £1° of
carrier salt to achieve a fuel concentration of 0,15 mole % UF,. As the
concentrate is added, it may be necessary to withdraw fluid from the fuel
system s0 that an adequate expension volume will be availeble in the
expansion tank., The reactor will be titrated to criticality at IL].OOOF,'
and after criticality has been achieved, a thorium-enriched salt will be
added to the fuel mixture, This will drive the temperature down, end
the operating temperature may be finslly trimmed by elternate additions
of fuel and thorium concentrate mixtures. By édding the thorium to the

- system as a last step, its worth as a poison or chemical ‘temperature slfiim
may be evelusted before power operation. ’v '

A period of low power operation will fellow the criticality experi-
ment. By virtue of the negative temperature coefficlent, the reactor -
will be & slave to the demand loa.d,A vhich will be imposed by increasing
the steam generation rate as & resul'b of increasing the rate of sodium.
flow through the steam system. Manual me.nipulatiori of system control
valves will be required ﬁntil an appreciable fraction of design power .
18 obtained, say, 30%. The rate at which the load may be increased will
be determined by the permissiblé rate of temperature change of the com-
ponents.- 7 o Lo ’
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The turbine will be preheated by admitting stesm through the turbine
control valves, end, when the turbine has been hested and brought up to
speed, ell the steam will be directed through its normel path. At low
power levels, it may be necessary to attemper the steem so thet the tur-
bine temperature limits will not be exeeeded

Noxmal plent resterts efter power operation will follow the same
besic procedures, except that no critical experiment will be required.
Since there is no control rod, close attention will heve to be paid to
the fuel system filling rate and temperature so that nucleer trensients
will not be incurred.

8., REACTOR CONTROL AND REFUELING

The kinetics of circulating fuel reactors have been studied and
reported in & number of papers.9 A typicel velue for the tempersture
coefficient of reactivity for & molten-salt reactor is »k x 10"? ({A_\k/k)/o Fo
This negative temperature coefficlent is sufficient to make the power
level in the reactor a slave to the applied load for all ﬁomal apéra.-
tional power demand changes, without the use of control rods, As indi-
cated in the following section (Sec. 9), 1t keeps the reactor sefe from
excessive temperature excursions even under some rather adverse conditions,

The critical temperature of the reactor gradually deereases d&ring
opera.tion at power &s & result of the burnup of fuel end buildup of fis-
- sion product poisons. At constaat pawer, all tempera.tures in the heat
exchanger systems decrea.se corresmnding]y, including, in pa.rticula.r, the -
'temperature of the sodium returning from the superheater-boiler-rehea.ter

systems This tem;pera.ture must be mainta.ined et a.‘l.l times a.bove an

s 9W. K. Ergen, Qurrent Status of the Theory of Rea.ctor nvnamics, B
" ORNL~CF. 53-7-137 (1'§535';"‘w.“1c""’. Brgen, "Kinetics of the Circulating Fuel
~ Nuclear Reactor,” Phys. Rev., 25, 702 (June 1954); J. A, Nohel, Stabilit.z
 of Solutions of the Reactor Equa.tions, ORNL~CF 5#-9-25; We K. Ergen and .

"~ A. M. Weinberg, "Some Aspects of Nonlinear Reactor Dyna.mics," Fhysles xx,
k13 (1954); F. H., Brownell and W. K. Ergen, "A Theorem on Rearrengements
and Tts Application to Certain Deley Differential Equations," Jowormal of

Rational Mech. end Anslysis, 3, 565 (1954%). ;
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erbitrary minimm, determined by the melting point of the fuel, The tem-
perature of the return sodium is. therefore used &s an indicator of the
need for edditionel 02 5 5 to restore the desired temperature level,

The reletion which gives the mass, AM, of fissionable ‘x'naterial to
be added to the reactor for & given incresse in the steady-state mean
core temperature, Ty 1s given by the expression,

AM = opM ‘ATm
vhere, _
LM , Ak
B/ %
end,

aefE/aT .

For epithermel reactors, f has values between 2 and 10, usually greater
than ll-, and can be obtained from criticality experiments or by computa~
tion. The reduction in the coolant return temperature vs the time rew
quired to burn up the corresponding mass (AM) of fuel, with constant
power generation of 600 Mw, is shown in Fig., 1.1l. For example, if the
fuel inventory is 1000 kg of P , Bis 9, ais <l x 1072 , @nd the sodium
return temperature can be allowed to drop 30°F, the reactor must be re-
fueled at intervals mo greater than 13.5 days. On this schedule, the U->7
addition required is 10.8 kg. The effect of buildup of nuclear poisons
is neglected in this calculation., In the first year of operation, the
increased inventory required to compensate for the polsons requires more
;trequent fuel additions. The calculation described sbove is typical o_:‘
the conditions that exist after fuel re;processihg is initisated. '

9. ACCIDENTS: CONSEQUENCES, DETECTION, AND REQUIRED ACTION
_ The following diséussion gives the initial results of & study of
difficulties that may srise as & result of accidental occurrences in

various parts of the reactor system. Although no plausible accidents
with inherently disastrous results have been postulated, the need for
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further experimental and design efforts to determine the most economical
way of handling some situations is a.pparent. | ‘

, The transient behavior of the reactor system has been snslyzed by
enslog coamputer 'cechniq_ues for several types of sudden changes in the
heat load on the resctor.'0 The reactor flow diegrem essumed for the
simulstor study is shown in Fig. 1.12. This disgrem segregates one of
the core heat transfer pa.'bhs for individuel menipulation, and lumps the
others together into one hest sump. The temperature coefficlent: of re~
activity assumed was o x 107 /° F. r

9,1, An Insta.nta.neous- loss of Ioad From & Secondexy Sodium Circuit

This is the limiting cese of en accident occurring to only one of .
the core heat transfer paths at the meximum distence awey from the rea.ctor.
All temperatures upstreem of the failure tend to become isothermal at
the new reactor outlet temperature, which is slightly lower then that
under full power. The' temperature change in the piping and heat exchangers
is rapid and emounts to 200°F or more. The heat exchangers, as designed,
will withstand the temperature changes, but & complete stress analysis
of the piping layout should be made before such & reactor plant is built.

9.2, An Instentaneous Stoppage of Sodium Flow in One of the Primary Heat
Ebccha.ngers

Thie case is similar to thet discussed above, except that tempera-
tures downstreem from the primary heat exchanger drop quickly teo & lower
isothermal temperature. During the trensient the mean core temperature
of the reactor rises to & peak of at most 20°F ebove normal during & period
of time approximately 10 sec, while the outlet tempersature d.rops suto=
matica.lly %o its new value.

These two limiting cases ghow that there is no failure of a single
heat transfer path that can cause an excessive tempera.ture rise in the
reactor,

10z, R. Menn, privete commmication, ORNL.
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9.5; " An Instantaneous Reduction of the Heat Flow Rgte from the Eeactor Core

If. a fuel pump should suddenly stop, the rate of heat removal from the
core would be quickly reduced to a fraction of that at full power. The heat '
removed would be determined by thermal insulation losses, by'thernwl.convec-'
tion through the core fuel circuits, and by heat transfer to the blanket
through the core vessel wall. The latter would be very significant if the
blanket pump remained operative. During the first few seconds following a
sudden fuel pump failure, forced circulation in the core circuits would per-
gist As e resﬁlt of inertial effects but at & rapidly declining rate. The
sharply decreased circulstion rate would result in a larger fraction of the

delayed neutrons being released in the resctor core.

A limiting approximation of the effects of fuel pump stopping was studied
on the simulator. 1In the simulator studies, it was postulated that during
steady-state full-power operation, the heat removal was reduced instantaneously
to a small fraction of full power. It was further postulated that the flow of
fuel stopped instantaneously so that the fuel salt that was in the reactor
stayed there. The peak‘ﬁemperatures which could be achieved if these condi-
tions could be met and the times to reach them are given in Fig. 1.13 as
functions of the reduced heat removal rate. The temperature rise indicated
results from the continued fission power generation at subcritical conditlons
from the gradual decay rate for the neutron flux and does not take into account
afterheat from fission product radioactive decay, which acts as an additional

heat source.

The curves in Fig. 1.13 should be used with caution; they are intended
only to set upper limits on the temperature rise. The coasting effect from
the fuel's inertia and thermal-convection circulation will reduce the peak
temperatures markedly, but the relationships are complex and a more extended
anslysis is necessary. The peak temperatures are not a problem of themselves,
‘but their sudden appearance will cause thermal strains. The magnitudes of
these strains and their effects on the integrity of the reactor requires

analysis, but no serious consequences are expected.
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9.k Celd'Fuel'Slugging'

It cold fuel 1s suddenly injected into the reactor core when the
- power level is very low, the core may become supercritieal on & fast
period. This can lead to the :power . density exceeding the deeign level
before the mean eore temperature rises again to its nermal operating
range. Two gimulstor cases were run te see whether these higher than
design 1eve1 power densities ceuld lead to & serious temperature over-
shoot in the reactor. ' T
One cese”éonsidered involved suddenlylindreesing the'pewer demand
at the boiier from 6 Mw to 600 Mw. The immediate effect is- to Tower the l
core Inlet temperature to about 1000 Fe. Ehe ewerage aore temperature is '
reduced'te ebeut 1050 Ty The temperatures then rise asymptotically to
normal eperating levels with overshoot at moét of & few degrees. ‘The
power: level overshoots to about 900 Mw, but the oversheot in power has
no practical significance. A sudden load increase at the boiler of this
‘magnitude is impractical to obtain, so that this is a limiting case in
B0 far as a sudden applieation of load is eoncerned, It must be eeneluded
~ that "eold fuel slugging as a result of load manipulation cannot lead
to any diffieulty, : '

A second case was sget up in an attempt to simulate steppage ef fuel

’flbw, cooling of the fuel in the heéat exchangers to Just abcve its melting';

“;pbiﬁt, and then sterting flow to put & slug of very cold fuel in the

reactor, In the starting condition of the simulator study, the reactor ‘

Was suberitical at a temperature greater than 1200°F, As the £low was
-started and cold fuel was forced into the reactor at the normal pumping N
rate, a step-wise increase in the resctivity of O h%_vas artifically -
inserted to place the reactor in = positive period. This insertion ofre_
positive period was intended to replace & condition of starting'et,vefy
low power, since the scaling limits of the simulator do not permit the
intreduction of'initial'power levels of less than 5 Mw. Under the simu-
lator conditiens used, the reactor core. temperature again dyopped about
150°F and then rose asymptotically to the design temperature with n6 .




perceptible overshoot. It is concluded that a fuel pump starting up
with cold fuel in the primary heat exchangers is unlikely to leed to
high temperature excursions in the reactor.

- 9. 5. Bemova.i»of Afterhea.t by Thermal Convection

A survey exeminstion of the -capability of "bhe heat transfer system
for the removel of heat by thermal convection in the event that all

| pumping power is lost has been made., The temperature pattern of the

system reé_uired for the removal of 4% of the design power by thexmal .

- - convection is shown in ‘Flg_. 1.14, This study shows in a preliminary way
- that thermal convection can remove enough heat from the reactor core so

that loss of power to the pumps in the redioactive ereas will not neces-

" sitate the dratinage of the fuel from the reactor. A detailed system

anslysis may indicate thet slight modifications in layout mey b: required
to accomplish this, however.

9.60 Ioss of Fuel P@B

Any event which stops the forced circulation of fuel “hrough the -
primary heat exéhangers requires tha.ﬁ steps be teken o prevent freezing
of the fuel salt, The steem syétem is such a large, relatively low tems
perature heat sink that the fuel salt would be quickly frozer if no action
‘were‘ taken, There are two safety controls. First, fuel pump sfoppage
or loss of power will cut the steam to the turbine, end reduce the turbine
output ‘to a low level to handle a.fterhea:b , -et‘c. The second control,

/,triggered by a low temperature in. the: cold line of the primary sodium,
,will s’cop the sodium plxn;ps.

- 9.7. Loss of Elec‘bric ﬂ.‘:masmission I.ine connection %o the Plant

In t.he event of 1oss of electrica.l loa.d on the plant s the tur'bine

"stop-valve will a.d:just automatically 'bo prevent turbine runaway. The

tt,u'b:l.ne ca.n be ad..justed to & 5 to 10% rated loadll to supply local needs.
Ihe rise :Ln pressure in the steam system resulting from closure of the

-stop-valve will o;nen the emergency relief valve unt:ll, to sa.ve purified

llH L. Fa.]kenberxv, TVA, private communication.
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water, the steam bypass valve is adjusted for the dumping of steem to

the condenser, Simultaneously, or as soon &s pra.ctic_:a.l, secondary sodium
pump speeds will be reduced end valves controlling sodium flow to the
boiler, superheater, and reheater end in the bypass will adjust automati- .
"cally to give design temperatures and pressiures for the emount of after-
heating being removed from the reactor. If this idling power exceeds v
the power required to operate the plant it will be dumped to the condenser.

The whole plant will be maintained in & condition ready to resume
1ts electrical losd as soon &s it can be re-estsblished. It is to be
noted thet should the load loss be sufficiently prolonged so that the
'af'berhea.t is not sufficient to provide power for local needs, the core
will generate fission heat automatically. In order to maintain the ‘power
station in a stendby condition during & period in which, say, the elec-
tric generator equipment is inoperative and there is a simulteneous loss
of power to the plant, emergency pover generation equipment will be
needed. The .emergency supply must have sufficlent cepacity to operate
. instnunents , controls, feedwater pumps end a.uxilia.ry equipment necessary

for control and removal of afterhesat.

9.8, leak Between Fuel and Blanket Salts

" The free surface of the blanket salt is agbove the free surface of
the fuel salt, end the blanket salt is more dense then the fuel salt.
Both the core and the blarket will have e common ges pressure over them, .
and both are on the suction side of ‘the pumps in their respective systems.
Under these conditions the blanket will a.lwa.ys be at & higher static pres-
sure than the core, a.nd amr leeX between the fuel and bla.nket salts will
_ drive the bla.nket sal't into- the i‘uel sa.lt a.nd lowe:c the critica.l tempera-
ture of the reactor core.

With such a lea.k the maintenance of system te@era:bures would re~
quire addition of ruel at & ra.te in excess of -t:hat required for burnup
_end fission product poisaning. 4 '.[‘o ma.intain the critica.l temperatw:e |
" constant in a cleen, 8-ft-dle core with a fuel selt conta.ining 0.75 mole %
thorium, ebout one etom of 0256 must be added for three atoms of thorium
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that lesk into ‘ql*e core from the blenket. Thus, if the fuel accounta-
bility is suffic%ntly sensitive to detect a 10% excess fueling rate,
inleakage to the core of more then 165 cm? per day will be detected.

The fuel end blanl:qt salts are chemicelly inert with respect to each
other, and therefore no chemical effects of the mixing are expected.

it fission-;product a.nd heavy=-element poisoning were to mask the excess
refueling caused by a blanket leak and prevent early detection, the leek
would be detected eventually by corresponding chenges in fuel end blanket
inventories, as indica't;.ed by the level indicators of the respective
systenms. o

Once & leak between the core and blanket was detected, the reactor
would be shut down and all liquid systems would be.drained. Replacement
- of the reactor vessel would be required, and this would be & lengthy

operation.

Complete rupture of the core vessel would lead automatically to a- f ¥
subcritical cOndition. The core surge tank would £ill as the ble.nket
and core pressures tended to equalize. -

9.9. Ileak Between Fuel and Sodium

The relative pressures in the fuel end sodium systems will always
be such that, in the event of a leak between the fuel and the sodium,
the fuel will enter the sodium stream. This arrangement 'is_ used because
the consequences of precipitation of urenium in the circulating fuel
system cannot be predicted with certainty.

The chemical consequences of a leek of the fu,él into sodium, such
as could occur in a primary heat exchanger, have been examined on the
basis of thermodynamic date.’> When the fuel is mixed with excess sodium,
the major constituents, except LiF, will be promptly and simulta,nebusly
reduced to their metallic states, according to the reactions:

L1}

12W. R. Grimes, private commmication, ORNL.

(‘\ ‘
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(1) -UFll_-l-Na:-'*NaF-i-UFE  AF = =36 keal

(2) UF, + 3Na = U + 3NaF AF = =37.3 keal

3
(3) BeF, + 2Na =Be + 2NaF ~ AF = -29 keal

(4) THF), + iNe<==Th + kNaF  AF = -bk keal

Of the fission products contained in the fuel, the elkaline eé.rths, the
rare earths, and a considerable fraction of the alkali metals will remain
in the salt phase as fluorides, while Mo, Ru, 2r, Cd, Zn, Sb and Sn will
be reduced to the metallic state.

The anions, particularly I‘]'5 T and Br87, which are important for
neutron detection because they are long-lived precursors of delayed neu-.
tron emitters, will appear as halide ions. Accordingly, the salt mixture ’
after reaction, will contain about 5% mole % NaF, 46 mole % LiF, and traces
(insofar as concentration is concerned) of fission product fluorides.
Such & mixture will have a melting point greater, probably, than 70000..
(l300°F), and sccordingly will be solid at the normal temperstures in the
sodium circuit,

Metals such as Sn, Sb, Cd, Rb, Cs, and Zn should be soluble in molten
sodium, but all other materials introduced into the sodium by the fuel
are moderately high melting and will be sparingly soluble‘ in the sodium.
Beryllium metal, which is present in relatively large concentrations and
vhich appears to be relatively insoluble (< 100 ppm) in sodium, will |
probably be the first material precipita.ted. Sodium fluoride probebly
dissolves to ‘the extent of 0.2 mole % in sodium at 1100° F, and this salt,
along with LiF, will exceed the solubility in molten sodium and exist
as separa.te solid phases after relatively small quan'b:l.'bies ‘of fuel have
leaked into the sodium, ‘

Sodimn iodide and sodium bromide a.re more soluble than sodium fluo~-
ride in molten sodium, and these precursors of the delayed neutron emitters
will, ‘accordingly, be dissolved in the molten sodium until the NeF-IiF
mixtu:ce saturates the sodium end forms & second phase.,  Since they are

- o7 -




more soluble in the salt phase than in the liguid metal they could, in
principle, then decrease in concentration in the molten metal due to their
extraction into the solid salt phase. This extraction pi'oceSS -is not
expected to be important s however, since the amount of solid salt rhase
will be small for a considerasble.period, and extraction by a solid from

a liquid should be relatively slow. ‘ Furbhermore s Precursors of delsyed
neutrons present in the sodium arise- only from the freshly leaked-in fuel,
and therefore the concentration of precursors will not be apprecisbly
affected even though the total atomic species concentration may be dimin
ished by extractions,

Prompt detection of small fuel leaks into the primary sodium cir-
cult poses & problem yet to be solved. Al om /day leak will produce
approximately 0.5 n/ cm e sec by precursor decey at the seconda.ry heat
exchanger, but it is doubtful that neutrons of such a source strength
can be detected in the sodium cell. Likewise the neutron a.ctiira.tion of
the primary sodium produces gamma-ray activity which would tend to mask
fission fra.gment genma activity. Detection of large leaks would be aided
by comparison with the activity in the other qimilé.r secondary sodium
circuits, but the determination of the size of leak that can be detected
has not as yet been mpde. . .

A welleagitated stoichiometric mixture of sodium and fuel salt will
result in & rapid temperature rise, estimated to be 1200°F under -adiabatic
conditions. It is difficult , however, for such conditions to exist in
a practical situation. Heat evolved from a small leak would ‘be rapldly
carried away by excess sodium. For the larger leaks which could occur
from fatigue in bending or tension, the solids formed would interfere -
with rapid mixing. Some work has been done with a Né.F-ZrF)* base fuel and
NoeX which demonstrated this smothering effect; further engineering tests
- will be required to demoﬁstrate safety with sodium and the present fuel
sa.lf in simulated component equipmént.
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As soon as a fuel to sodium lga.k hed been detected end the faulty
heat exchenger had thus been located, the reactor plent would be shut
down, the fuel and appropriate sodium eircuits dfa.ined, and the heat
exchange:; replaced.

19,10, Leak of Fuel or Blanket Salt to Reactor Cell

The presence of a small leak from the fuel to the reactor cell can
be defected'by gas«sampling techniqﬁes. Its léca.tion will be more dif-
ficult to determine., The repair of such & lesk would of course require
draining the fuel salt. The provision of an inert atmosphere in the
reactor cell will prevent rapid growth of leaks caused by salt-fluxed
oxidation. S - :

A gross leak or rupture of elther the fuel or blanket circuits is
& major accident. Means must be provided to vent reactor cell pressure
as it is bullt up by heat release from the spilled salt, and & suitsble
noneritical emergency drain system that can handle axterheat on & one~
time basis must be available., Ways are known for doing both, but the
lowest cost way of accomplishing these disaster prevemtgidve gtaps has not.
yet been determined. |

9,11, Ieaks of Water or Steam to Socium

The sodium in thermal contact with the water or steam is nonradio-
active. The pro‘blem of leaks betwaen the water and sodium systems has
been faced by those engaged in the development of fast reactors, and
thelr studies and test results will be useful in determining heet ex-'
changer design. | | |




10. CHEMICAL PROCESSING AND FUEL CYCLE ECONOMICS

10,1, Fuel Salt Reprocessing

The system for chemical reprocessing of the fuel salt is ‘& combina-
tion of the ORNL fluoride volatility and the K-25 uranium hexafluoride
reduction processes described in Part 6. The salt to be reprocessed is
transferred, as described in Section 3, above, from the resctor circuit
to & holdup vessel on & convenient schedule, such as 2 ft3 oncé each day
or 12 ft3 once eéch week., The holdup vessels provide containme'nt' during
the holdup period required for décay of the short-lived activities and
act as a buffer between the reactor end the chemical plant so that the
operation of the reactor need not depend on the state of repalr of the
chemicel plant. | |

The fuel salt will be fluorinated in batches of 2 ft5 each, one

batch per day. After the uranium is removed by fluorination and collected .
as UF6 on NaF pellet beds, the barren salt is transferred to waste storage.
The UF6 will be discharged on a twice~per-week cycle from the NaF pellet
beds, which have a capacity of 10 kg of uranium. The volatility process
produces liquid UFG s in cylinders, which is subsequently fed to a reduc~
tion tower to produce UF), 5 which is combined with fresh salt for return

to the reactor. The uranium losses in the chemical processing are about
0.1%, i.e., about 1 kg/year.

10.2. Blanket Salt Reprocessing

Chemical processing of the blanket salt is physically much the same
as the processing of the fuel salt except that, after fluorination, the
salt is returned to the blanket system. Because of the much lower power
density in the blenket salt, holdup for decay-cooling is not & Pro‘blem;
Separate fluorinators for fuel and blanket salts, to prevent cross-
contemination, are assumed, as are separate NaF beds, to make possible
the withdrewal of pure 0253 from the system if deslred. The same UF6
reduction tower will serve both fuel and blenket salt processing.
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A blenket salt ;proce‘ssing rete that is sbout the same as that for
the fuel salt 1s a.ssmnéd, i.e., one 2 ft3 batch per day. Thus fluorina-
tion equipment of the same size will suffice. The uranium throughput
rate of the blanket salt processing system is, however, only sbout 10%
of that of the fuel selt. Jor conveniénce, the seme size of NaF bed is
proposed for the two systems, although this meens that the UF6 will be
discharged from the NaF bed in the blanket salt system only once every
othexr month,

The blanket selt processing rate is sufficiently fast to hold the .
U233 inventory in the blanket salt system to ebout 60 kg and to limit the
fissioning in the blenket salt to about 3% of the total.

10.3. Cost Bases

Fissionable isotopes have been velued at $17/g in computing inven-
tory and burnup cherges and breeding end resale credits. Capitalization
rates were assumed to be 4%/yr on fissioneble materials and 14%/yr on
everything else. The fuel salt was estimated to cost $1278/ft” and the -
blanket salt $2517/f1::5 « The variable cost of fuel salt chemical process
sing is assumed to be equal to the cost of buying new salt to replace
that processed. The blanket salt is used over the life of the reactor
without excessive fission product buildup.

The fissionsble materisl comsumption cost is based on feeding 93%
enriched U2 35 to the -core system . to compensate for & regeneration ratio
of less then unity. It is a.sswned tha.t 02 35 4 1s not avalleble for purchase

ek a‘n ecmmlc pz‘iue, a.lthough it would be worth a.;gproximately twice &s

much as 025 5. 111 an mtemedie.te-neutron-energy molten-selt reactor due

to :I.ts higher regenera.tion rs.tio et lcwer critica.l ‘inventories., It is

e.ssumed also that isotopic re-enrichment of 1123 2 or 025 2 ¢ €lther by
gaseous diffusion or by exchemge w:l,th a price penalty, is not economica.l,
BO that the molten-salt power reactor must tolerate the non:f‘issionable

' '_ura.nim 1sotopes and the resulting lower regenera.t:l.on ratio and higher
1)2 3 5-0255 i.nventory
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10,4, Chemicel Plant Capltal Costs

Tlie budg_éted capital costs for the ORNL volatility pilot plant total
about $1,300,000 through fiscal 1959, This figure includes replacements
and modifications s which should not be required in & second plant and
it also includes solid fuel element hendling end dissolution facilities,
which would not be required in the molten-salt reactor plant. On the
other hand, the $1,300, 000 does nmot include building and service facili-
ties, » Or any equipment for reducing UF6 to UFlL and reconstituting fuel
salt. Additlons and sub'bractions considered the reference design .
chemical plant equipment and installation cost 1s estimated to be $l,500 000,
The chemical plant's share of the total reactor capital investment is

~about twice this emount , vhen charges for building and site, design, general

expense, and contingencies are added. These capital costs are listed
with other cepital costs in Section 11.

10.5. Chemical Plant Operating Costs

The ORNL volatility plant operating budget for three fiscal years
(1957-58-59) totals $1,368,000. The molten-salt reactor chemical plant
would have lower "unusual" costs (associated with development) than the
pilot plent, but higher "production-proportional® costs, and is estimated
to cost $500,000 per year to operate. To this must be added the cost
of replacing the fuel selt processed, or reclaiming it, if this can be
done for an equal or lesser cost. This is estimated to be 600 £t (ap-
proximately one fuel system volume) per year at $1278 per ft5 , & total
of $T70,000 per year. A salt reclamation process might be expected to
reduce this considerably, although probably not more than by & factor
of 2, which nevertheless would save sbout 0.2 mills/kwh. The chemical -
plant operating costs are listed with other operating costs in Section
11, '

10.6, Net Fuel Cycle Cost

For the purpose of estimating fuel cycle costs, values averaged over
the rea.ctor lifetime of 1000 kg for the I.l2 25 U255 inventory and 0.5 for
the ,effective breeding ratio were assumed. The nuclear heat power was
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teken to be 640 Mw, the net electrical output 260 Mw, and the load factor
0.,80. The net fuel cycle cost is estimated to be sbout 2 mille/kwh:

Ttem o $fyr . mills/kvh
*° consumed B 2,260,000 l.24
TFuel salt mekeup 770,000 0.k2
PP tnventory 680,000 0,37

2,03

If & comparison of total fuel cycle costs with those for & solid fuel
element power reactor are to be made, the chemical 'pla.nt capltal cost
end the chemical plant operating cost should be added. These amounts
are gs follows:

$/yx mills/kwh
Capital cost ($3,000,000) 420,000 - 0.23
Operating cost 500,000 0.28

They lead to & total fuel cycle cost of 2.54 mills/kvh.

,

11. CONSTRUCTION AND POWER GOSTS

1l.1. Capita.l Costs

The infozmtion avallable in the preliminary design does not lend
1tself to a rigorous cost a.na.Lysis, however, the power cycle has been:
sufficiently well-defined to permit & segregation of the major GGJJPOQ
. nents in the ;pla.nt.: The pla.nt layout has progressed to the extent that
‘.ithe over-a.ll size may be determined. S

_ Design. studies of  some of ‘bhe fuel system euxiliaries have pemitted
. a detailed cost breakdown The high-temperature sodiwm pump requirementa
have been ascerta.:l.ned to 'bhe extent tha.t manufacturers of this equipment
‘have been eble to make preliminery cost estimstes. The fuel and blanket
salt p.mps vere estimated by scalingup costs of smaller pumps that have
been febricated and tested at ORNL for high-temperature reactor systems.
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ORNL's ex_perience in molten~salt and a.lka.li meteal heat transfer
equipment fabrication and procurement has been drawn on to estimate the
increased cost in producing reactor-quality products.

In some cases individual ‘components were found to be too mumerous
for detailed cost analysis in the time availeble, and costs were essigned
to entlire subsystems on the bésis of general expevriem:e. ‘The instrumen-
tation, electrical equipment, and auxiliery systems were treated in this
monner, for exemple. ' .,

It has been assumed that the molten-salt reactor plant would be con-
structed at a site simila.r to the one selected in a recent ORNL gas=-cooled
reactor study. 13 Therefore » site acquisition, improvement 9 and structure

costs have been set at compara.ble levels.

"~ The cepital cost summary is presented in Taeble 1.6. It should be
noted that a 40% contingency factor has been epplied to the reactor por=-
tion of the system. It is felt that there are a number of uncertainties
in some of the larger reactor cos,t‘ packages and a contingency factor of
this order is warrented. A T7.5% contingency factor was applied to the
remainder of the direct costs.

The general expense or indirect cogts charged to the plant represent
administrative, personnel, plant protection, safety and special construc-
tion services which ere largely incurred during construction and startup
operations., The design cost represents approximately 5% of the direct
cost subtotal before the contingency factors were applied. This capital
cost sumary leads to a cost of $269 per installed killowatt of generating

capacity. | . ;
Table 1.7 presents a more detailed cost breekdown of the reactor

portion of the plamt. The major-Gafpthents or ibems have bean. listed .

and the materie.ls of construction for & particular liquid system have

been indicated.

13The ORNL Ges=-Cooled Reactor, ORNL-2500, Part 3 (April 1, 1958).
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10.

13A,
13B.
k.
15.

18.

Teble 1.6. Capitel Coste
(FPC Account Numbers)

Lend and land rights

Structures and improvements

Reactor system (1ncluding chemical pla.nt)
Steam system :

Turbine-generetor plant

Accessory électrical equipment
Miscelleneous power plsnt equipment

Direct costs subtotal

7.5% contingency on 11,13B,1%4,15,16
409 contingency on 13A

Contingency subtotal

‘General expense

Design costs
- TOTAL COST

- 65 =

$ 500,000
7,500,000
20,232,000
5,750,000
11,750,000
4,600,000
1,250,000

49,582,000

2,201,000
8:093"0.00

10,294,000

7,500,000
2,450,000

$69,826,000




I..

II.

III.

A.
B.

C.
D.
E.
F,

Ge

- He

‘Tsble 1.7. Reactor System‘ Cepital Cost Swmnary

(Section 13A of Capital COBt.s)

"Fuel System (INOR-8)

Reector core and blanket shell

One 24,000-gpm pump, pump shielding, -
end motor

Four fuel-to-sodium heat exchangers
System piping

Main filleend«drain system .

Off-ges system (includes blanket system)

Enriching end withdrawal system
exclusive of chemical plant

Preheating and insulation

Blanket Circuit (INORIS)

A.
B.
c.
D.
E.

F,

One pump and motor

- One blanket salt-to=sodium heat exchanger

System piping

Main fill-and«drain system

Enriching and withdrawal system
exclusive of chemical plant

Preheating and insulation

Intermediste Sodium System (stainless steel)
(4 fuel and 1 blanket circuits)

A.

B.

Fuel~to«sodium systems:

1, four 20,000-gpm pumps end motors

2. four sodium=to~-sodium heat exchangers
3. system piping

4, drain systems

5. preheating and insulation

Blanket salteto=sodium system:

1. one 10,000~gpm pump and motor

2. one sodimn-tmsodium heat exchanger
3. system piping :

4, drain system

5. preheating end insulation

- 66 =

$ 500,000
8#5,000

672,000
100,000
520,000
568,000
100,000

75,000

350,000

’
20,000
120,000
50,000

15,000

960,000
hls,ooo
300,000
100,000

75,000

130,000
45,000
75,000
30,000

__20,000

3,380,000

651,000

2,150,000



Iv.

VI.

VII.
VIII.

X.

Table 1,7. (Continued)

Secondary Sodium Circuits (Cr-Mo alloy steel)
A. Fuel=to=-sodium-to-sodium systems:

1. four 15,000-gpm pumps and 2-speed drives

2. four sodium-to-water boilers

3. four sodium~to-steam superheaters

4k, four sodivm-to-stesm reheat exchangers

5. twenty remotely~operated throttling
valves

6. system piping -

T. fill-and«drsin systems

8. heating and insuletion

B. BPBlanket salt-to-sodium=-to-sodium system:

1. one 10,000~gpm pump and motor
2. one sodium-to-water boiler

3« one sodium-to~stesm superhesater
4, four throttling valves

5. system piping

6. filleand-drain system

T. heating and insulation

C. Sodium emergency drain system

Reactor Plant Shielding
(17,000 cu yd of concrete at $100/yd)

Main Containment Vessel, Air Lock, Reactor
Support, and Cell Cooling System

Instrumentetion
Remote Maintenance and Hendling Equipment

Auxiliary Systems
(helium, nitrogen, crames, cooling systems)

Spare Pexrts:

A, Pumps - - .
B. Heat exchangers

 C. Miscellaneous

XII.

Original Inventories: .

A, Sodium (300,000 1b x_$0.20/1b)

B.  Blenket salt (750 ££7 x 1.2 x 2517/£t3)

~ C. Fuel salt (575 £td x 1.2 x 1278/ft3)

Ghaniqal Plant Eq_uipment

1,000,000
336,000
252,000
300,000
580,000

350,000
175,000
150,000

145,000
40,000
38,000
90,000
80,000
50,000
k0,000

200,000

3,626,000
1,700,000

150,000

750,000
1,000,000
525,000

700,000
100,000
200,000

© 60,000
2,260,000
880,000

1,500,000

$20,232,000
f——e— e e ]




11.2. Power Costs

Power costs ha.vé been divided into three categories. These are:
fixed costs, operation and maintenance costs, end fuel cycle costs.
The fixed costs are the charges resulting from the capital investment
in the plent. This amount has been set at 14% per annum of the invest-
ment, which includes taxes, insurence, and financilng charges. This leads
to en annuel cherge of $9,776,000 or 5.37 mills/kwh. -

The operation and meintenance costs are, in the main, dependent on
the ultimate relisbility of the reactor portion of the plent. The dew
velopment of practicael remote-maintenance technigues for the repair and
replacement of equipment in the ra.dioa.ctive systems 1s also vital to
assure reasonsble costs. No accurate determinastion of such costs cen
be made without further experience.

For the purpose of this report the operation end maintenance cost
breekdowvn given below has been assumed: " ‘

Annusl Charge
Labor and supervision $ 900,000
Reactor system sparée parts |
Pumps 250,000
Heat exchangers ' 200,000
Miscellaneous . 300 ,OOO
Remote~hendling equipment 150,000
Chemicel plant operation 500,000
Conventional supplies 400,000
Total $2,700,000

This total cost results in an incremental power cost of 1.48 mills/kwh.
Net fuel cycle costs as discussed in Sec. 10 sbove amount to 2.03 mills/kwh.



The three categories add up as follows: -

Annuel Cherge mills/kwh
Fixed cost . $ 9,766_,0_00 : - 5.3T
Operating end meintenance 2 ,700',660 3 .48
Fuel charges 3,710,000 2.03
Total annuel charge $16,176,000
Total power cost 8.88

The difference in cost between having the ::eactor plant on standby and
heving it on the line is about 2 mills/kwh.

12, SOME ALTERNATES TO THE PROPOSED DESIGN

12.1. Alternate Heat Transfer Systems

The possibility of replacing the i‘uel-to-QsodiUm-to-sodium-to-steam
heat transfer system with a fuel-to-gas-to-steam system has been given
a cursory exsmination. The attractiveness of such & system' is based on
the replacement of two sodium systems in series with one ges system and
in heving the gas chemically competible with both the fuel and weter or
steam. Early estimates of the gas heat transfer performence indicate
that the fuel volume required to transfer an equivalent quentity of heat
would not be appreciably different from that requii'ed with the sodium
system. These estimates were based on use of & return gas temperature
below the melting point of the fuel, and the sefety of this procedure

~ must be examined further. If the gas system were operated in the 300-
to l&00--:9:5:!. range, the power required to circula.te the gas eould:be kept et

a reasonable 1evel.

The gas system would permit & reduction in the number of heat ex-

‘chengers end pumps , a.nd eliminate sodium valves. The dew point of the

ges would provide & repid method of leek detection in cese of & steam-
to=gas leak. ,Absteam leek kin'bo the ges system would not have the chemical
hazard that exists with a steem~to-sodium lesk. If the reactor were
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operated inside a pressure shell,' the fuel pressure could be mainteined
slightly below the gas pressure to ensure that any lesks in the fuel
system would be inward. The small pressure differentiel required between
the fuel snd the gas would permit the maximum fuel (gage) pressure to

be maintained at a level no higher than that required by the liquid-cooled

system.

Gas cooling would eliminate the need for the sodium handling systems
with their attendant preheating problems. These sodium facilities would '
be replaced with gas storage and hendling equipment. Startup and shute
down procedures would be simpler with ges then with liquid cooling, par-
ticularly with réspect to preheating end part load control, The emount
of secondery rediation shielding required with the liquid system would.
be considersbly reduced with the gas system because of the decreesed in-
duced activity of the coolant.

More studies of the gas cooling system are being made, and it is
apparent that the bulkiness of the gas system will present handicaps.
It is also probable that a gas cooling system will prove more expensive,
A better comparison of the gas=~cooled system with the sodium-~-cooled
system will result from a more detalled design study.

An slternate to the steam-cycle described above would be the
Loeffler boiler cycle. In this system (see Fig. 1.15) all the heat is
transferred to the steam in the superheater. A portion of the superheated
steam is recirculated by means of a steam pump to the boiler, where it
transfers heat to the water by direct contact to form saturated steam,
With the same steam conditions of 1000°F and 1800 psi, it would be neces-
sary to return approximately 2 1b of steam to the boiler for every pound
sent to the turbine. The advantages of this system used in_ conjunction
with the molten-salt reactor are principally connected with the control
of heat flow. W:L{:h the sodimﬂ—to—steam generstor heat transfer system,
the steam genere.tor represents a la.rge ca.pa.city heat sink at a tempera-
ture more then 200°F below the freezing ;point of the fuel bearing salt.
To prevent freezing of the fuel, ce.reful control of flow in the seconda.ry
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godium eircuit must be meintained at low'power operetion, In the
loeffler boiler system, the directly coupled heat sink is dry steam in-
‘stead of water, end control of the steam circulation is believed to be

_ easier then ‘the control of the sodium flow. The elimination of the need
for two speed pumps and control velves in the intermediate circuit would
therefore result in a system that would more fully exploit the inherent
self-reguletion of the molten-salt reactor. |

The elimination of the steam generator from & sodium circuit reduces
the need for sodium flow regulation. The reduction of sodium egquipment
probebly would result in less frequent maintenance, Thus some of the
serlous objeétions to having radicactive sodium héa.ting the steam would
thereby be lessened and consideration could be given to the elimination
of one of the intermediste circuits. In addition, since minimum tempere-
tures would, at design point operation, be sbove the melting point of
sultable fluoride salts, their use in place of sodium should be exemined.
If substitution could be made, chemical compatibility of the intermediste
fluid would be markedly improved both with respect to the fuel and the
steam and these hazeards would be lessened.

More detailed design comparisons will be necessary to evaluate jthis
boiler system. Although the changes suggested above are plausible, the
detailed consequences must be analyzed and falr cost comparisons made. '

12.2. Alternate Fuels

The substitution of U-2° for U-2? in the molten fluoride reactors
would result in substantial improvement in performance. Uranium-233 is
& superior fuel in almost every respect. The fission cross section in
the intermediate range of neutron energles is greater than the fission
cross sections of 023 2 and Pua3 9. Thus, initiel inventories are less,
and less additional fuel is req_uiréd to over-ride poisons. Alsc, the
n~y cross section is substantially less, and the radietive capture
results in the immediate formation of a fertile isotope, T.)254 + The rate
of accumulation of 0236 is ofders of magnitude smaller than with Il!25 >
fuel, end the buildup of Np>2! end Pu-2° is negligible.
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Preliminery end incomplete results from e paremetric study of re-

- actors fueled with 1P eve given in Part 4, Sec. 1.2, In a typical

case in vhich the core diameter was 8 £t and the acncentra.tion of ThF) -
wes 1,0 mole %, the initiel critical mass was found to be only 87 kg of

' Ueﬁ the mventory for a 600-Mw system was only 196 kg, 'bhe regenera:bion

ratio was O, 91, and the long~term performence was good. In another B<fte
dia core system with 0.75 mole % ThF) in the fuel selt, the initiel in-
ventory was 129 kg, and the conversion ratio was 0,82, After operation
for one yeaxr &t ‘a. loé.d factor of 0.8 and with no reprocessing of the cbre

A to remove fission products, the invéntory rose of 199 kg, and the i'egen- A

eration ratio fell to 0.7l, However, if the reprocessing required to
hold the concentration of fission products congstant was started after 1
yee,r of opera:tion, the inventory increased slowly up to only 247 kg
after 19 years and the regeneration ratio rose slightly to 0.73. Roughly
speaking, the critical inventories required for the 0235 systems ere
ebout one-third those for the corresponding 023 2 systems, and the burnup

.requirements are about helf.

The above described case is not optimized for 1)235 Substantial
improvement ‘can be obtained by using higher concentra‘cions of thorium
end correctly ma.tching the diameter and processing rates.

- As discussed in Part 2, PuF5 has eppreciable soliz.bility in mixtures
of LiF and BeFye It should be possible Yo maintein concentrations of
up to 0.2 mole % 'sa.fely. - This is more than ample for clean systems
having dlemeters in the range from 6 to 10 ft with no thori\nn in the core.
A typicel 8-ft-dia core would have a eritical concentration of 0.013
mole % 1>uF3 end e regeneration ratio- ('rmv',L in the blaxaz}gt) of about 0.35.
The effect of accumulation of fission products end Pu on the critical
concentration a.nd the effect of rare earth fission products on the solu-

pility of PuF3 rema.in to be detemined, It does -eppear proba.ble, however,

that & molten fluoride plutonitm burner having unlimited burnup end

exhibiting subste.ntiel regeneration in the blanket is technica.lly feasible,
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PART 2
CHEMICAL ASPECTS OF MOLTEN=-FLUORIDE=-SALT REACTOR FUELS

1. CHOICE OF FUEL COMPOSITION

The search for & liquid for use &t high temperstures and low preé-
sures in & fluld-fueled reactor led to the cholce of elther fluorides -
or chlorides because of the requirements of radiation sta.bility end solu~ -
bility of appréciable quantities of uranium end thorium, = The chlorides
(based on the @’ isotope) are most suitable for fegt reactor use, but
the low thermal-neutron ebsorption cross section of fluorine malges ‘the
fluorides seem to be & uniquely desireble choice for & high-temperature
fluld-fueled reactor in the thermal- or epithermal-neutron reglon.

1.1, Cholice of Active Fluoride

Urenium Fluoride., Uranium hexafluoride is & highly volatile com-
pound, and it is obviously unsuiteble as & componént of & liguid for use
&t high temperatures. The compound er 29 vhich is relatively nonvolatile,
1s & strong oxident that would be very difficult to contein. Fluorides
of pentavalent uranium (UF5, U2F9; etg.) exe not thermelly steble™ end.
would be prohibitively strong oxidants even if they could be stebilized
in solution. Uranium trifluoride, when pure and under an inert atmosphere,
is stable even at temperatures above 1oo’o°c;2’ 3 however, it is not so
steble in molten fluoride solutions,l" It diépropcrbionates ap;precié‘bly
in such media by the reaction, ‘ )

) o

1}, 7. Ketz eod E. Rebinowltch, The Chemistry of Ura.nium mms-vxn-s,

. MeGraw-Hill, 1951,

2rp1a.
3¢, 3. Barton, W. C, Whitley, E. E. Ketchen, L. G. Overholser, end

’ W R. Grimes, Preparation and Properties of UF5, Oak Ridge National -
~ " Leboratory (unpublished).

hSee Reactor Handbook, in press; material submi‘bted by B. H. Clampitt,

S, Lenger, and F. F. Hlankenship, Ock Ridge Nationsl Laboratory.
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at temperatures below 800°C. Small emownts of U}E‘5 are pemisaible in
the presence of relatively le.rge eoncentra:tions of IIF,+ and may be bene-
f:l.cia.l insofer as corrosion is concerned, It is necessary, however, to
use UFh as the major uraniferous compound :l.n the fuel.

Thorium Fluoride. All the normal compbunds of thormn are quadri-

valent; a.ccording]y, eny use of thorium in moltem fluoride melts must
be as Th.Fl‘.o

1.2. Choice of Fuel Diluents :
The fluoride compositions that will be digcussed here are limited |

to those which have & low vepor pressure at 700"0 and which have & melting

point no higher then 550°C. Also, there is little interest in uranium

concentrations highe‘r than & few per cent for the fuel of thermal rea.étors,

end therefore mixtures with high UF), eontent will be omitted from this
discussion, :

of the pure fluori&es of molten~salt reﬁctar interest, only :Bel‘2
meets the melting point reguirement, and it i& too viscous for use in
the pure state. Thus the fluorides of interest are ternery or quaternary
mixtures contelning UF, or ThF,. For the fuel, the relatively emall -
smounts of UF), required meke the corresponding binarny ‘or teinayy. mixtures _L '
of the diluents nearly controlling with regexrd to physicel properties .
such 8s the melting point, Only the elkelisietel fluorides end the fluo- -
rides of beryllium end zirconium have 'been given serious atteation. ILesd
and bismuth fluorides, which might otherwise be ugeful because of their '
low neutrbn absorption, have ‘been eliminated because they are reedily

reduced to the metall:lc state by struc"cural metals such as iron a.nd

chromium.
Systems Gonta.ining UIL Of 'bhe ‘l;erne.ry' systams containing UFu

-'two alkali.metal fluorides, only ‘the mm-lmanr,* ﬂystem, ‘chown in Fig. 2. 1,
~and the LiF-RbF—:UFh System, ghown in Fig. 2.2, have melting tempere.tures |
‘below 600°C et uranium coneentra:bions below .‘LO mole. %.  These two systems
] end the fomcompanent systems L:I.F—NSI‘-ICF"-UF#, for w’hich the alkali fluo-

ride ternary dlagrem is shown in Fig. 2.3, a.nﬁ I::!.F-i-IIa.I"--RbF\«U:F'lP are the
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Fig. 2.3. The System LiF-NaF-KF. [A. G. Bergman and E. P. Dergunov, Compt. rend. acad. sci.
U.R.S.S., 31, 754 (1941).]
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”

only a.vailable systems of UFh_ a.nd the alkal:l. fluorides alone which
show low melting points at low uranium coneemra:hinns.

Mixtures with mpelting poin"hs in the range of interest may be ob'bained
over relatively vide limits of concentration if szh or laeF2 is & com=
ponent of the system. Phase relafionships in the NaF-Zth end NaF-Zth
UFu systems are shown in Figs. 2.k apd 2.5. The compounds ZrFy, and UF,

| - bave very similar unit cell parameterss and are 15@1&61'9110\:5. They form-
‘e continuous serles of s0lid selutions with a minimm melting point of
765°¢ for the solution conteining 23 mole % UF),.  This minimm is respon-

sible for & broad sha.llow trough which penetrates the ternary dlagrem to
a.bout the 11-5 mole % NeF composition. A continuous geries of golid solu-
tions without & maximm or e mirimm exists ha’mn aﬂ-ENaF UF), &nd

SNeF-ZrFy s in this solution series the tempera:tux*e érops sharply with -
decreasing. ZrF), concentration, A continuous- saliﬁ.-saluts.oq series without
& maximm or & minimm a.lso exists between the iscmorphous congruept com-
pounds 'INa.F:éUFh and. maF-GZths the ligquidus decreases with mcreasing
Zth content. These two solid solutions share & Boundary curve over &

-considera.ble compositieon xange. The predomintnde - of .the primary phase

f.telds of . the ‘three solid: sclutions Presumably a,ceounts fori;the complete
absence of. & terna.ry euteetie in thie complex syetem. ‘The liquidus. sur-
face over the area below 8 mole % UF), and between 60 &nd 45 mole § NaF
is relatively flat, All fuel campositions within th:ls reg;l.on have ac~"
ceptable melting points. Minar aﬂva.ntages 1n physical and therma.l PTO=
pert'.ies a.cerue from choosing mix.tures with minimm ZrF,} eontent :Ln this

composition ‘range.

The lWeSt melting temazy systems which aenta.in UFh in the coneen~
tration range of general :Ln’eerest are those eo: --'*‘-’ j EeFa and LiF or’

B Naf_'_. Sino.e laeF2 offers 'l:he best cross section of a].l the useful é.iluents,
such fuels are likely to be of h:l.shest interest m ttnema.l rea.cter designs.

[

I§J. Je Ke.tz md E- Rahinmz‘itah, V'I'he . mftm;,nim, .mms.-v:[ﬁ-s,

MeGraWaHill, 1951,
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The binary systeni"(l.ir-‘--BeF2 shows ‘melting points below 500°¢ over

| the concentration renge from 33 to 80 mole % BeFpe - The LiF-BeF system

dia.gram shown in Fig. 2.6 differs substa.ntia.lly from previously published

V dlagrams, 6,7 It is characterized by & single eutectic between BeF'2 a.nd

2LiF.BeF, that freezes at 356 C end contains 52 mole % BeF,. The come

, pound 2LiF.BeF, melts incongruently to LiF and liquid at 460°¢; LiF- BeF,

2
is formed by the reaction of solid BeF2 end solid 2LiF-BeF, below 2%,

The diagram of Fig. 2. 7 reveals thet melting temperatures below 500 C
cen be obta.ined over wide composition ranges in the three-component

‘ systan I.iF—BeFa-UFh.

The diagrem of the NaF~BeF2 system (Fig. 2.8) 18 simila.r to that

of the I.iF-]BeF2 system. The la,ck of & low-melting eutectic in the Na.F-

UFl‘_ binary system is responsible for melting points below 500 C being .

' a.va.ilable over e considera.bly sma.ller concentration interval in the NaF-

BeFa-UF,* system (Fig. 2. 9) than in its LiF-EeF, 'Wll. counterpa.rt

 The four-component system LiF-Na.F-BeFe-UFu hes not been completely
diegramed. It 1s obvious, however, from examina.tion of Fig. 2. 10 that
the terna.ry ‘solvent Id.F-Na.F-BeF offers & wide va.riety of low-melting
compositions, it has been established that considerable quantities (up.
to at least 10 mole %) of UFI+ ‘can be tolerated in memy of these solvent
compositions without elevati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>