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STATUS OF MOLTEN-SALT REACTOR PROGRAM 

PART 1 

INTERIM DESIGN OF A POWER IiEACTOR 

1. INTRODUCTIQN AND CONCLUSIONS 

The general usefulness of a f lu id  fueled reactor t h a t  can operate 
a t  high temperatures w i t h  low pressures has been recognized fo r  a long 
time. The application of the molten salts t o  such a reactor system has 

2 been discussed,' and the operation of the Aircraft Reactor Experiment 
demonstrated the basic feasibi l i ty  of the system. Preliminary design 
studies indicated t h a t  power reactors based on such systems would be 

economically attractive. 
design and outlines operational procedures so that the problems of 
handling a molten-salt power reactor can be better visualized. 

This study gives a more detailed conceptual 

Particular attention has been given t o  the circulating-fuel system 
since th i s  system and i ts  associated equipment w i l l  be the heart of any 
molten-salt reactor plant. 
reactor chosen fo r  study (a 
t icular  heat transfer system (two sodium circuits i n  series). Although 

later studies may indicate bet ter  choices for  the reactor and the heat 

O f  perhaps lesser importance are the p r t i c u l a r  
o-region homogeneous converter) and the par- 

se selected fo r  this  study are considered t o  be sound 
ood basis f o  rig the cost of power from a molten- 

salt reactor 

C, Briant and A , Weinberg, "Molten Fluorides as Power Reactor 

I G, A. Cristy, H, W, Savage, R, 
r Experfient - Design 

craf t  Reactor 
571; W. K, Ergen, 

&d G. D. Whitman, "The 
-840 (1957); E. S. 

Aircraft Reactor Experiment - Operation," Nuclear Science and E-. 3 

- 1 -  
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The reactor power station chosen f o r  study has a gross e lectr ical  
capacity of 275 Mw and a net capacity of 260 M w .  Figure 1.1 shows an 
isometric drawing of the principal portion of reactor plant, and the 5 

most important of the reactor s t a t i s t i c s  are presented in  Table 1.1. 
It is est imted that this molten-salt reactor power station could be 

b u i l t  f o r  70 million dollars. A t  14% per year interest  and an 80$ load 

factor, the fixed charges, including fuel-inventory rental, would mount 
t o  5,7 mills/kwh. Fuel and salt replacement costs of 1.7 mills/kwh and 
an operation and maintenance charge of 1.5 mills/kwh (including chemical 
plant operation) lead t o  a t o t a l  estimated power cost of 8.9 mills/kwh. 

0 

The indicated power cost m u s t  be considered together w i t h  the state 
of the technology of molten salts, of alloys f o r  containing t h e m ,  and of 
engineering art fo r  design and construction of a reactor i n  order t o  
determine the emphasis that  should be placed on s tudies  of the s y s t e m  
i n  the future ,  
salts, metals, and components are'given in  other parts of this report. 
The f ac t  of adequate solubility of uranium and thorium in  the molten 
salts and the strong position that is developing w i t h  respect to con- 
tainment of the salts are characteristics t h a t  make the molten salt sys- 
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 moltenesalt system, 

Summaries of the current state  of the technology of the 

The program visualized cal ls  fo r  carrying out the conceptual design 
of an experimental reactor during the f i s ca l  year 1959 so that detailed 

design could be started by July 1, 1959. The experimental reactor would 
be designed t o  t e s t  typical construction, operation, and maintenance 
features of a large power reactor and could be completed by July 1, 1962. 
A f t e r  a two-year operational period, a very sound basis would exis t  fo r  
deciding whether or not t o  bui ld  large molten-salt power reactors. 
t h i s  proposed program, it should be noted that a substantial part of the 
materials compatibility program would be complete before the major expendi- 
tures f o r  an experimental reactor were made. 

In  

a i  
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Table 1.1, REACTOR PLANT CHARACTERISTICS 

Fuel enriclijcm.; 

Fuel carrier 

Neutron energy 

Moderator 

Primary coolant 

Power 

Electric (net) 
Heat 

Regeneration ra t io  

Clean ( i n i t i a l )  
Average (20 years) 

B l a n k e t  

Estimated costs 

Total 
Capital 

Electric 

Refueling cycle a t  f u l l  power 

Shielding 

Control 

Plant efficiency 

Exit fue l  temperature 

7 $ 3 5 ~ ~  ( in i t ia l ly)  

62 mole $I LiF, 37 mole $I BeF2, 
1 mole Q ~ h ~ 4  

Intermediate 

LiF-BeF2 

Fuel solution circulating a t  
23,800 gpm 

260 MW 

640 Mw 

0.63 
N 0*53 

71 mole 4& LiF, 16 mole BeF2, 
13 mole $I TbF4 

$69,800,000 

Sr269/~ 
8,88 mills/kwh 

Semicontinuous 

Concrete room walls, 9 f t  thick 

Temperature and f u e l  concentration 

40.@ 

1210% a t  approximately 83 psia 

- 4  - 
-7 w 



Table 1.1. (Continued) 

Steam 

Temperature 
Pl'eS6Ure 

Second loop f luid 

Th i rd  loop f luid 

Structural materiab 

-1 circuit 
Secondmy loop 

Steam boiler 
Tertiaiy loop 

l W 0 F  with lOOO'F reheat 
1800 psfa 

Sodium 

Sodium 

Steam superheater and rebeater S$ &, I$ Si steel 

Active -core d ~ s i o n s  

-1 equivulent diameter 8 ft 
m t  thiCklES6 2 f t  

Taprature coefficient, (Ak/k)/'F a(3.8 f 0.04) 10-5 

Specific power 

Puwer density 

Fuel inventory 

Initial (clean) 600 kg of 835 
d.'.y kg of 

267 kg of $35 

- 5 -  
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2. GENERALFEATufiEsOF!CHEREACTOR 

I .  

I I 
I 
I 

The ulthmte-pawer reactor of the molten-salt type will probably 

have a graphite moderator, since a high breeding ra t io  is a major a,ixu. 

In order t o  obtain 81 breeding rat io  as high as 1.0, it will be necessary 
for  the graphite t o  be in direct contact with the salt and w i t h  the nickel 
alloy ~ o n t a i n e r . ~  Although it now seems probable that grcghite will be 
satisfactory fo r  use in contact with the molten a t  (see pa~rt 3), the 
technology is not considered t o  be few enough advanced t o  propose such a 
system for  the irritial reactor. This consideration led t o  the specifica- 
t ion of a homogeneous molten-salt reactor for  this design study. 

; i' - 

i 
i 

A number of molten fluoride salts that are suitable fo r  a reactor 
fuel are described in Part 2. %IC base salt chosen fo r  the fuel solvent' 
i s  a mixture of u F and ~ p h  in  the poke ratio 62 t o  37, respectively. 

7 The Li and Be base s&lts+ave the most aeslrable nuclear propepties of 
any of the possible sfit cpltiopts. 

7 

\ Eeryllium, i n  addition t o  having a 
low neutron &bsorption cros~ section, adds appreciably t o  the slowing- 
down power of the fluorine in the s a l t .  

section of the dkd l i  .fluorides, me exact percentages i n  the 'mixture 

were determined as a cornpraise OP tw N s i c a l  properties: the"'me1ting 
point and the viscasity. $The melting point increases 8s the Li7 COI2tent 
increases, but the viscosity correspndingly decreases, me fugi mixture 

ThFb being added t o  provide some regeneration of fissionable mt6rial 
in the core a d  the UFk being added t o  made the reactor critic&. 
c r i t i ca l  mixture calculated fo r  bltiaS fueling of the proposed reactor 
has &e' conaposition: 61,8 mole 
0 ,3  mole 

Lithium-7 has the lowest C r o s s  

IS prepared by &ding t o  the b W e  Milf SitdU mOUatrS Of -4 adY:tJF4, the  

The 

7 F - s . 9  mole $I BeF -1.0 &le $ ThF4- 
Gh, w i t h  the urani enriched wia 83'. 

3w. K. Ergen, A. D, WIIJXUI, e. B. ratus, D. Scott, '"ilhe 
Aircraft ReactofEqerImnt," BUC. Sci. and Eng., 5 826-840 (1957). 

I 
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1 
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, 
.w ; .. The selection of an 8-ft-dia core for this study was based primarily 

. . on the criterion of critical inventory as indicated by nuclear calcula- i. i.' . tions covering core diameters of 5 to 10 ft. (Details of the nuclear 
calculations are given in Part 4). The initial critical inventory for 

: d aU235f Id ue e 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, lmole $I ThF4) is added to the fuel to improve the regeneration 
ratio and thus reduce fuel costs, and the resulting initial critical in- 
ventory is about 600 kg. With thorium in the fuel, the 8&t core is a 

j' reasonable choice that yields 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/cm3, which is well within 
safe limits. The gamma heating in the thicker parts of the core shell 
As also takeri into consideration, and it was estimated that with the / 
8,ft core the heating in the core shell would amount to 12 w/cm3,-which 

e is not expected to create significant thermal stresses0 

It was decided that it would be worthwhile to include a blanket in 
3 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 $19000,000 per year. Although the blanket adds some complications 
to the reactor vessel9 it offers compensations such as serving as a ther- 
mal shield and as a convenient coolant for the fuel-expansion-tank dome, / 

I. which is subject to rather severe bets heating by the off-gas. The 2-ft- I 
I 
I thick blanket~will allow less than 2% of the neutrons leaking from the 

core to pass through it without capture, The salt mixture Li7F-BeF2-ThF4 
waschosen for the blanket and its composition was selected as that which 

1' 
would give ~the highest ThF4 content consistent with a melting point at ! 1 
least lOOoF below the lowest temperature expected in the blanket region. 

I This specification led to the- composition 71 mole $ LiF, 16 mole $ BeF2, 
j *- 13 tiole $-ThFb, which has a melting point of 980°F, More recent chemical 

data indicate that up to about 16 mole $ ThF4 can be used without in- 
- 

creasing this melting point, 

/ w 

I 
-7- 

1 
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An alloy with the nominal composition 17 w t  $ Mo, 7 w t  $ Cr, 5 w t  

Fe, and 71 w t  $ N i ,  which is  designated IXOR-~, was chosen as the struc- 
t u r a l  material f o r  all components of the reactor that w i l l  be in contact 
w i t h  molten salts. 
th i s  alloy are presented in F%wt 3. 

5 

Details of the characteristics and fabricability of 
-. 

The choice of the parer level  of this design study was arbitrary, 
since the 84% reactor core is cagable of operation at power levels of 
up t o  190 MW ( t h e m )  without exceeding safe power densities. An 
electr ical  generator of 275 Mw capacity was chosen, since this i s  i n  
the size range that a number of power ccmrpanies have used in recent years, 
and a plant of this size could be juskified in almost any section of the 
United States, It is estimated that about 6s of the power would be used 
i n  the station, and thus the net powek t o  the system would be about 260 Mw. 

Two sodium circuits in series were chosen as t h e  heat transfer system 
Delayed neutrons from the circulating between the fue l  salt and the steam. 

fue l  wi l l  activate the primary heat exchanger and the sodium passing 
through it. 
transfer from the radioactive sodium t o  nonradioactive sodium w i l l  serve 
t o  prevent contamination of the steam generators, superheaters, and re- 
heaters. 
choice fo r  the radioactive intermediate coolant and has some advantage 
in that it i s  compatible with the fuel. 
is expected t o  arise from mixing of the fue l  salt and sodium, however, 
and therefore the cheaper sodium system is preferred. 

A secondary heat excha;nger system i n  which  the heat w i l l  

A non-fuel-bearing molten fluoride salt i s  a possible alternate 

In the design'adopted no danger 

t 

!Fhe fue l  flow from the core is divided among four circuits, so that 
there are four primary heat exchangers t o  take care of the core heat 
generation. 
thermal-strain considerations. 
circuits originating in the fue l  system transfers the heat through two 
sodium circuits t o  the steam generators. 
providedto remove the heat generated i n  the blanket. 

This number of heat exchangers was based on maximum size vs 
Each of the four pasallel heat transfer 

A similar single c i rcui t  i s  

- 8 -  



Other linkages between the fu;l and steam that have been proposed 
are a salt-to.~mer&ry-vapor system and a salt-to-helium gas 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 containment for any leakage of fission 
gases and in which all operations must be carried out remotely after the 
reactor has operated at power. The primary heat exchangers are laid out 

to provide an in-line heat exchange system. The rectangular configura- 
tion of the plant permits the grouping of similar equipment with a mini- 
mum of floor space and piping. The primary sodium circuits are thus 
located in one bay under a crane, and in the next bay are the secondary 
sodium circuits, the steam generators, superheaters, and reheaters under 
another crane. The plant includes, in addition to the reactor and heat 
exchanger systems and the electrical generation equipment, the control 
room, chemical processing equipment, and the fill-and-drain tanks for 
the liquid systems. 

3. MOLTEN4ALT SYSTEMS 

-3.1. Fuel and Blanket Circuits 

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

cu%ts, fs a rectangular concrete structure 24 ft wide,.68 ft long, and 
70 ft high- The walls are made.of 9-ft-thick barytes concrete to pro- 
vide the'biologieal shield. ~Steel liners on both sides of the concrete 
wall.form a-buffer zone to ensure that no fission gas that may leak into 
the..cell can-escape-to ihe atmosphere and that no air can enter the cell. 

~An:-inert'a~osph~re-is maintained.In the cell at all times so that a 
small fuel leak will not-lead to acc‘elerated corrosion. Penetrations 

-for pipes and for electrical and instrument lines are sealed on each side 
of the- enclosure, '. 

4B. W. Kinyon and F. E. Romie, Two Power Generation Systems for a 
Molten Fluoride Reactor, Presented at the Nuclear Engineering And Science 
Conference of the 1958 Nuclear Congress (March), Chicago, Illinois. 
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Once the reactor has been a t  power, the radiation level of the 
reactor and the fue l  and blanket circuits w i l l  be so high that it w i l l  

not be possible t o  perform direct maintenance operations on equipment 
in  these circuits. A l l  equipment that m i g h t  require replacement by re- 
mote means is installed i n  the shielded reactor cell .  The alternative 
of segregating each piece of equipment in  a separate enclosure is  more 
costly i n  terms of space, shielding, piping, and fue l  inventory. 
a i r  lock is  provided through which the crane and maintenance equipnent 
can be brought into the cell .  

An 

The principal items of equipment i n  the reactor c e l l  are the reac- 
to r  vessel, the f u e l  and blanket pumps, the fue l  and blanket heat ex- 
changers, heating and insulation equipment, and the reactor c e l l  cooling 
system, and, of course, there are  many electr ical  and miscellaneous plumbing 
lines. 
coupled, integrated unit  (Figure 1.4) which is  suspended from a flange 
on the f u e l  pump barrel. 
the fuel  and one f o r  the blanket salt. 
reactor core surmounted by an expansion chamber, which contains the 

single f u e l  pump. The blanket region surrounds the fue l  region and ex- 
tends above the expansion chamber, and the blanket salt cools the walls 
of the expansion chamber gas space and shields the pump motor. 

The reactor vessel and the fuel and blanket pumps are a closely 

The vessel itself has two regions - one fo r  
The fue l  region consists of the 

Four tangential pipes serve as ducts to  return f u e l  into the lower 
conical section of the core. The core shell, which should be as thin 
as possible in  order t o  reduce neutron absorption and t o  keep thermal. 

st rains  from gamma heating a s  low as possible, was chosen t o  be 5/16 in. 
thick t o  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 f la t  disk, 3/8 in. thick, 
which serves as a diaphragm t o  absorb 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 w i l l  be 

sml l , -bu t  during the preheating and during power transients the dif- 

ference may be higher. The diaphragm w i l l  safely allow fo r  differ- 

en t ia l  expansion corresponding to a temperature difference of 200% 
without undergoing appreciable plastic strain. 

I 

The pipe ducts that enter the reactor tangentially w i l l  bprt a 
swirling action to the fue l  and keep it turbulent near the w a l l .  
f lu id  flow patterns have yet been obtained far a core of the shape il- 
lustrated, and flow tests, when made, m y  dictate changes i n  the shape. 

The pump fo r  circulating the blanket salt is not supported directly on 
the reactor vessel, but is located t o  the side and a t  a sl ightly higher 
elevation t o  give f u l l  blanket coverage of the reactor a t  a l l  times. 

No 

The general requirements of pumps for  the fue l  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. 

la t ing system, the fue l  w i l l  make a complete c i rcui t  through the reactor, 
piping, and heat exchangers i n  10 sec. 
for the fuel p&p, and a shaft speed of 700 rpm w i l l  be required. As 
indicated in  Part 5, t h i s  pump incorporates advanced features not present 
i n  any molten-salt pumps operated to date. 
t o  the use of multiple pumps, but since a single fue l  pump simplifies 
the top portion of the reactor assembly, it w a s  adopted fo r  t h i s  study. 

3 i n  the entire circu- Eased on a fue l  volume of 530 f t  

A 1000-hp motor w i l l  be needed 

Some consideration was given 

The blanket pump w i l l  be s i m i l a r  to the fuel  pump, but of smaller 
capacity. 
1 6  of the t o t a l  heat generated, a pump of about 32OO-gpm camcity is 
required, 

Since the heat generation i n  the blanket w i l l  be no more than 

Four primary heat exchangers are provided for  the f u e l  c i rcui t  SO 

that  each heat exchanger w i l l  be of reasonable size, 
changers are designed t o  have the fuel  on the shell side and sodium 
inside the tubes. Th i s  arrangement is  contrary t o  that which m i g h t  

These heat ex- 

. 
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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 tubes+ However, 
the superior properties of sodium as a heat transfer fluid are not 
realized with the sodium on'the shell side, and therefore the over-all 

',a 
system is most compact wit&the sodium inside the tubes, . 

The heat exchangers (Figure l&) are of semicircular construction, 
dhich provides for convenient 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 consistent with the smaller heat load. A more 
detailed destiription of the heat exchanger is given in Table 1.2 of 
Section 4. 

. 

33 c off-&ssystem 

An efficient process for the continuous removal of fission-product 
gases is provided that serves several purposes. The safety in the 
event of a fuel spill is.considerably enhanced if the radioactive gas 
concentration in the fuel is reduced by 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 Xe 135 

A 
continuously at a low level. Finally, many of the fission-product 
poisons are, in their decay chains, either noble gases for a period of 
time or end their decay chains as stable noble gases, and therefore 
the buildup of poisons is considerably reduced by gas removal, 

Thesoiubilities of noble gases in some molten salts are given 
in Part 2, and it is-deduced that.solubilities of similar orders of 
magnitude are likely to be found in the LiFABeF2 salt of this study, 
It was found-that the solubility obeys Henry's law, so that the equi- 
librium solubility‘is proportional..to the partial pressure of the gas 

4 

inconta&t with the .salL. In principle, the method of fission=-& re- . 
moval consists of providing anefficientmechanism for contacting the 
fuel salt with an inert ambient gas in which the concentration of xenon 

. and krypton is kept very low, 

4d 
- 15 - 

‘d 



In the system ,chosen, approximately 3.5% of the fue l  f l a w  is mixed 
The w i t h  h e l i u m  purge gas and sprayed into the reactor expansion tank, 

mixing gnd spraying provide a large fuel-to-purge-gas interface, which 
promotes the establishment of equilibrium fission gas concentrations i n  
the fuel. The expansion tank provides a liquid surface area of approxi- 
mately 26 f t  for  removal of the entrained purge and fission gas mixture, 

r 

4 
L 

2 

The gas removal is effected by the balance between the difference i n  the 
density of the fue l  and the gases and the drag of the opposing fuel  ve- 
locity. The surface velocity downward i n  the expansion tank is  approxi- 
mately 0.07 ft/sec, which should screen out a l l  bubbles larger than 
0.008 in, i n  radius. The probability that bubbles of th i s  size w i l l  
enter the reactor is reduced by the depth of the expansion tank being 
sufficient -to al low time fo r  small bubbles to coalesce and be removed. 

3 The liquid volume of the f u e l  e-nsion tank is  approximately 40 ft  
3 $ 

and the gas volume is approximately 35 f t  , 
of 5 cfm, approximately 350 kw of beta heating from the decay of the 

fission gases and their daughters is deposited in  the f u e l  and on m e t a l  
surfaces of the fue l  expansion tank. This 350 kw of heat is partly re- 
moved by the bypass f u e l  c i rcui t  and the balance is transferred through 
the expansion tank walls t o  the reactor blanket, 

8 

leaves the expansion tank through the off-@is line, located i n  the top 
Gf the &&,-and joins with a similar stream from the blanket expansion 
&& [set Fikure 1.5) . The combined flow is delayed approximately 50 min 
i n  a coo&d vblume t o  allow a large fraction of the shorter lived f iss ion 
ppoducfs to decay before entering the cooled carbon beds, 
beds provide a holdup t i m e  of approximately 6 days fo r  krypton and much 
10;rger fo r  .,xenon, 

With a fue l  purge gas rat6 

1 

iThe  mixture of fiseion eses, decay products, and purge helium 

i 

i x  

The carbon 

! - The purge gases, essentially free from activity, leave the carbon 
B 

bed$ t o  join the gases from the gas-lubricated bearings of the pumps. 
The 'gases are then compressed and returned t o  the reactor t o  repeat the 1 

cycle, Approximately every four days one of the carbon beds that has 
been'operatind a t  minps 40*F is warmed t o  expel the Kr85 and other long- u 

,* 
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3.3. Molten Salt Transfer Eguipment 

The fue l  transfer systems are shown schematically i n  Figure 1.6. 
Sa l t  freeze valves, described i n  Part 5, are used t o  isolate the indi- 
vidual components in the , fuel  transfer l ines and t o  isolate the chemical 
plant from the components in the reactor cell .  W i t h  the exception of 
the reactor draining operation, which is described belaw, the liquid is  
transferred from one vessel Lo another by differential  @F; pressure. 
By this may, fie1 may be added to or withdrawn from the reactor during 
power operation. 

835F4, w i t h  respect t o  the process fuel, so t h a t  additions t o  overcome 
burnup w i l l  rpquire transfer of' only a small volume^ swlarlyt thorium- 
bearing molten salt may be added a t  any time t o  the fuel t s y s t e m .  
thorium, in addition t o  being a desi@ constituent of the fuel salt, 
may be added i n  amounts required t o  serve as a nuclear poison for  ad- 
justing the mean core temperature. 

. .  

The fueX added t o  the reackr will have a high ooncentration o f .  

The 

When fuel is removed from the reactor, it first goes tt, one of the 

withdrawal tanks. These tanks w i l l  be sized t o  serve as holdup vessels 
from which material may be later transferred t o  the chemical plmt.  
The chemical processing plant is considered to be.an in-kgmlpart  of 
the reactor complex; however, the chemical processing plant is s e t  a-rt 
fromthe reactor, is contagned i n  separate cells and has a Etepetrate con- 
t r o l  center. As indicated elsewhere, the fuel-reprocewing cycle assumed 
for this report requires an average daily w i t h d r a w a l  and addition of 

before chemical processing, the withdrawal vessels must provide a volume 
of 60 ft3. They w i l l  require both a heating and a cooling system simih 
lar t o  those provided fo r  the main fuel fill-and-drain tanks i n  order 
t o  maintain the temperature within reacsonaole limits. 

about 2 f t  3 of fue l .  If a 3O-day holdup of fue l  is reguired for cooling 

s 
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For the w i n  fue l  b i n  circuit, mechanical valves w i l l  be placed 
in  series w i t h  the freeze valves t o  establish a stagnant liquid suitable 
for  freezinge Normally these mechanical valves: w i l l  be lef t  open. 
Draining of the fue l  w i l l  be eccomplished'by melting the plug in  the freeze 
l ine a&d.allowing the fue l  to  drain by gravity, By opening $as pressure 
equalization valves, the liquid i n  *e reactor ell flow to. the dratin tank, 
and the gas i n  the'&in tank w i l l  be twnsferred to the reactor system. 
Thus gas w i l l  not have t o  be added to, or  vented from, the primary syskmo 

TWO valves are'*located i n  ps;raiiii 'in the fie1 b i n  l ine  so that d spare 
path w i l l  be available i n  d e  event of failure o r  need fo r  repairs. 

1 

% 
.b. 

A l l  the liquid transfer l ines w i l l  be equipped w i t h  heaters and 
covered w i t h  insulation so that the system may be held a t  temperatures 
above the fuelaaelting point. Since the main drain l ine is e t  the bottom 
of the reactor, there w i l l  always be f u e l  i n  it. 
freezing or overheating by use of a circulation bypass, as shown in Figure 
1,6, t o  keep the stagnant portion confined t o  the freeze valve area. This 

This l ine is kept from 

I 

bypass provides a certainty t h a t  the drain l ine t o  thk freeze valve is 
always a t  temperature and open fo r  draining. 

The blanket f lu id  transfer system is essentially the same as the 
fue l  system. A chemical processing plant w i l l  be provided fo r  the blanket 
salt, which m y  serve 8s a backup capacity fo r  the fue l  reprocessing 
plant 

3.4 Heating Equipment 

The melting points of the process fluids used are a l l  well above 
It is thus necessary t o  provide a mans of heating room temperature,, 

a l l  pipes and equipment containing these f luidso This w i l l ,  i n  general, 
be. accomplished by providing electr ic  heaters t o  a l l  pipes and equipnent. 
Inside the reactor cell, the heaters are incorporated i n  removable as- 
semblies that consist of the heaters and the insulation, as shown i n  
Fig1qe~l.7. Outside the cell, conventional methods of install ing heateh 
and insuht ion ere used, .t 

* 
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3 . 5 . Auxiliary Cooling 

Cooling is provided i n  the reactor c e l l  t o  remove the heat l o s t  
through the pipe insulation and the heat generated in  the structural 
s t ee l  pipe and equipment supports by &armna-ray absorption. The heat 
is removed by means of forced gas circulation through radiator-type 
space coolers. A cooling medium, such as Dowtherm, i n  a closed loop 
removes heat from the space coolers and dumps it to  a water heat ex- 
changer. 

3 06 . Remote Maintenance 

Provisions are made to carry out a l l  maintenance operations in  
the reactor c e l l  by remote means. While some small repairs may pos- 
sibly'be made in  the reactor cell,  the principal requirement is t o  be 
able to remove and replace by remote means all the necessary components 
i n  the reactor cell.  This w i l l  include pumps, heat exchangers, pipe,. 

heaters for  pipe and equipment, instruments, and even the reactor ves- 
sel. t 

A prime requisite fo r  remote maintenance is a reliable method of 
making and breaking joints i n  pipe. 

veloping a remote cutting and welding process or  by developing a satis- 
factory flanged pipe joint  (see Part 5 ) .  
welding process is underway a t  Westinghouse on the PWR project,) 

This can be done, either by de- 

(The development of a remote 

A l l  equipment and pipe joints i n  the reactor c e l l  are la id  out so 
that they,are accessible from above. 
a traveling bridge on which can be mounted one or more remotely opera- 

Directly above the equipment is 

ted manipulators. A t  the top of the c e l l  is another traveling bridge 
for a remotely operated crane. A t  one end of the c e l l  is an air lock 
that connects w i t h  the maintenance area. The crane can move from the 

bridge in  the c e l l  to a monorail i n  the air  lock. 
4 
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When it has been aaeertained that a piece of equQxnent should be ' 
. replaced, the reactor will be shutdown a,nd drained; and the piece of 
faulty equi$ment will be removed according to the following procedure. 
The manipulator will be transported by the crane from the maintenazice 
area through the.air lock, to the cell, and placed on the ~nipulator 
bridge. The manipulator will then be used-to disconnect all instru- 
ment, electrical, and service connectio& from the equipment and to 
unfasten the flange& %yiq, the equipment to the cysteh. The c&me 
will then remove,the faulty equipment and transport i): to the&a&t&~ 
nance,area, The craqe will then be used to move a's&$re pie&.of equip- 
merit into the cell for inr&allation'with the use of tti manipulator.~ . 
After completion Of the'replacement, the~&nipu.l.ator Tjill be removed 
from the reac&.cellby the craneP the air lock will be closed, and 
the reactor wili.be ready.for etartupo 

*’ 
pTeliminapy t@ts with a General 

Mills manipulator have demansttited the feasibility of,maotely removing 
and rcpIacing the rotiting'asse?Ably of a liquid metal j&n@. It appears 
therefore that satisfaet&y techniques aan be developed for remote 
maintenance. : ; .: 

Closed=-circuit television equipment is provided foi viewing the 
maintenance o$eration in the cello ~A~nuniber of cameras .a~e mounted to 
show the operation from different,angles, and~periscopes'give a direct 
view of the entire celL . 

The lnaintenance area is divided Into hot and cold shqp areas* The 
dold shop will~be.used for gene?%,1 repair work ori equ&ne~t that can be 

'h&dled~dire&ly~ The:hot shop a?maSwill be Aed to .(l) &air minte- ,~ 
-.~-i&e e&$&t-thatcan not~~bc~l&idled directly;, (2) to disassemble . . . 

..TTfailed ~equi;Fane&todetemine.the cause of failureg (3) to prepare hot . . 
- equipment for disposal, that is, cut or disassemble large‘equiment to 

-G.liiu&girib~~ ii&j p&m in --cofffn~,~~ e* ,,; and.(h) to repair failed equip- 
,.. 
xient Githinthe -1idta of tha%.~hi& can be done with the,iequipment re- ~. 
q&red for the other hot+hop ope&tions. A completely equipped hot 

_. ._ : 
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shop capable of making any and all regairs t o  a l l  equipment does not 
appear t o  be economicklly advisable fo r  the anticipated maintenance 

1;- 

vork for a single reactor plant, Although it is possible t o  remove 
and replace the reactor, it is a compratlvely simple and rugged piece 
of equipentwith a low probability of +ailme, and therefore a spare 
reactor will not be providedo 

' 

Maintenance of the btennediate sodium circuits w i l l .  be &ne d i m  

rectly. 
loop w i l l  be drained, A t  the end of a fairly short period, fo r  resiQual 
Nae4 t o  decay, ..it will be possible t o  renove the top slab from the seconal 
ary cel l  and remove and replace the faulty equipment by using the building 
crane an8 direct  maintenance procedures. Ekch secondary c e l l  is shielded, 
so that the ad3acent cel ls  need not be drained 'to make a repair. 

3.7. Fuel Fill-and-Dmin Tank 

In  case of an e g u i p n t  failure i n  one o f  these circuits, the 

The main fue l  fill-and-arain sygtem must wet the following mador 

(1) A preheating system must be provided that is capable of main- 
design criteria:  

taining the drain vessel and its connecting plumbing a t  l200%'. 

*.-. - * 

I .  

z 

.. _ .  

(2) A reliable heat-removal system must be provided tbat has eufb 
f ic ien t  camcity t o  handle the fue l  afterheat. 

(3) The drain vessel must be "ever-safe" so that a c r i t i c a l  con& 
*i di$ion cannot occur when the f u e l  is drained. 

\ 

The fue l  draining operation has not been considered as an emergency 
procedure, t h a t  is, one which must be'accmplished i n  a relatively short 
period of time i n  order t o  prevent a catastrophe. There are, however, 
other $ncentives fo r  rapid r e m m l  of 4he f lu id  from the fue l  circuit. 
If, fo r  example, there were a leak i n  the fue l  system it would be in- 
portant t o  drain the fue l  i n  order t o  minimize the c e l l  contamination 
and cross contami&tion of the systems, Further, rapid removal of the 
fue l  a t  the time of a shutdown for maintenance would have an economic 
advantage in  reducing *the power outage time. 

I 
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. A.consideration of these factors indicated that the maximum after- 
heat design load should'be 10 Mw for a 600 Mw reactor that had been 
operating for one year and had been shut down for 10 min before the fuel 
drainwas 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 ft3. The design capacity of 
the drain vessel was therefore set at 750 ft3 in order to allow for 
temperature excursions and a residual inventory. An array of l2-in.- 
dia pi&s was selected as the primary containment vessel of the drain 
system in order to obtain a large surface area-to-volume ratio for heat 
transfer efficiency and to provide a large amount of nuclear poison ma- 
terial (see Figure 1.8). Forty-eight 200ft lengths of pipe are arranged 
in six vertical banks connected on alternate ends with mitered joints. 
The ,six banks of pipe are connected at the bottom with a common drain 
line. that connects with the fuel system. The drain system is preheated 
and maintained at the desired temperature with electric heaters instal- 
led in small*diameter pipes located axially inside the l2-in.-dia 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 insulated room or furnace to minimize heat losses. 

The removal of the fuel afterheat is accomplished by filling boiler 
tube; installed between the I.&in.-dia fuel-containing pipes with water 
from headers that are normally filled. The.boiler tubes will normally 
be dry and at the ambient temperature~of about 950$. Cooling will be 
accom$lishedby-slowly flooding or "quenching" the tubes which furnish 
a heat sink for radiant heat transfer from the-fuel-containing pipes 
to the boiler tubes. For the peak afterheat load, about 150 gpm of 
water-is required to supply the boiler tubes. 

. 

- 25 - 



Fig. 1.8. Drain and Storage Tank for Fuel Salt of Molten Salt Power Reactor. 
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This fill-smLdmxtn system satisfies the design criteria in that 
it is alwsys in a standby condition, in which it is immediately available 
frm dra&mge of the fuel, It:can adequately handle',the fuel afterheat, 
and it provides double con 4itzbmat of the fuel, Eeat reamal is essen- 
tially self-regulating in that the mount of heat remved is determined 
by the radlantexchmge betweenthe vessels andwaterwall. Boththe 
water and the fuel systems me at low pressure, and a double failure 
would be required for the two fluids to be mixed. The &ain systemtsnk 
msybe es.silyenclosedand sea&dfronthe atmotsphere because there are 
no large gas-cooling ducts or other major external systems connected to 
it, A stainless steel tray will be placed below each bs& of pipe8 to 
catch the fuel if a leek develops. These trs;ys will be cooled by water 
waU.s to prevent sziy possibility of meltdown and destruction of the cello 

A prelzMnary criticsU.ty calculation was made in a drain tank as- 
sembly *tithout cooling walls; A multiplication constant of 0.2 was esti- 
mated for a fuel containing 0,5 mole $ ThF4 and 0.125 mole $ UF& at a 
terqperature of U50°F. 

The intermediate heat transfer systems use sodium as the working 
fluid to transfer heat from the fuel to the steam system, The Utter 
accepts the heat in the stem generators; thesuperheaters, and the re- 
heaters, A diagrtxn of the hetit&nov& hs sho& iCFI.g. 1.9. A speci- 
fication that the ste& system comp&e&s should be completely radiatidih- 
free.-'&eta-ted twosodium cir&its~fo~~each heat trausfer path. 

. . 
' %bur;~sys-(&s~~~&sSLel r&&;hea~.frOm the.re&ctor fuel; sn .'- 

-addii$onal riys&u~m&dles %he poy& gene&ted'& the b&i&et salt. $Wh r -.I :. 
of the fi-&,systems'is sep&rate. izpa &&&dent u&to the point where 

* 
the ., -- superhed;ted-Bteam.flovlpaths joi& ahead of the,turb~e. + . 'I 

u 
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Eachprimary sodiumcircuitincludes aprimszyheatexchangerin 
the reactor cell aud a purqp md a secondary heat exchanger located in a 
cell adjacent to the reactor cell. No control of flow rates is required, 
so there are no valves, and constar&speed centrifugal ptanps 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-shell, counterflow design, with the sodium 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 pressure,thm that 
of the fuel in the primary heat exchangers, the pumps for the primary 
sodium circuits are on the higher temperature legs of the circuits. The 
essentisJ. characteristics of the various heat exchangers are described 
in Table L2. 

The secondaxy sodium circuits, except for the secondaryheat ex- 
changers, are outside the shielded mea and thus are available for ad- 
justment and maintenance at all times, Three paths arre'provfded for the 
sodium flow from a secondary heat exchanger: a steam superheater, a 
steam reheater, and a bypass line for control. Regulating valves auto? 
rrdatically adjust the flow to suit 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 a mixer or blender, which 
leads to a three-way va;lve. 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 a jet pump, The jet pump, located verti- 
cally along side the steam generator, is assisted by thermal-convection 
flow upward In the jet pump and do&ward in the boiler. At lowpower 
levelsl.this serves to maintain a good recirculation rate and ensure good 
st&bisity of control. The three-wsy'valve permits the steam generator . 
circuit to be isolated from the remainder of the sodium so that at zero 
power the entire boiler becomes isothermal at the saturation temperature, 
and the pressure is maintained at the desired level, 
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Table 1.2, Data for Heat Exchangers 

Fuel and Sodium t o  Sodium lExQhang em3 

NMlber requdred 
Flilid 

system Pr- Systm Secondaay 

4 4 
Fuel aa l t  primary sod3um Primary eodium Secondary xJodiuxn 

Fluid location 
ryPe of exchanger 

rPubes mll 
U-tube i n  U-she l l ,  
aounterflow 

Tempemtms 

Hat end, OF 
@ld end, OF - 
ATp lhot F% OF 

I AT, ctold end, OF 
8 AT9 log mean, OF 
I 

Tube Dada 

Material 
Outside diameter, in. 

IJ=gth, f"t 
Number 
pitch (A), in. 
BundLe diameter, in, 

W a l l  thickness, in. 

u20 
925 
195 

L120 
9 5  
195 

1080 
825 
255 

40 
100 
65.6 

316 stainless s tee l  
0.750 
0.049 
21.5 
1440 
0.898 
36 

INOR-8 
1.000 
0.058 
23.7 
515 
1 0  144 
28 

Heat transfer oapacity Mw 
Heat transfer area, ft 
Average heat flux, 1000 B t u / h r o f t 2  
T h e m  stress,* psi 
FLOW rate, ft3/seo 
Fluid velocity, f%/sec 
Maxirmmr Reynolds modulus/lOOO 
Pressure drop, psi 

i!? 14-4 144 

8200 

5200 
95 

46.1 3306 
13- 9 13.2 
270 l66.0 
10 14.8 

2800 
175 

d 
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Sodium to. Steam Exchangers 

" b e r  required 
d 

Fluid location 
Type of exchanger 

? * 

Table 1.2. (Continued) 

Steam Generator 

4 
Secondary Water 
sodium 

Shell Tubes 

counterflow 
I3aJronet, 

Hot end, O F  825 621 

change, OF 85 0 
I AT, hot end, OF 119 

AT, log me=, OF 158 

Coxd end, OF 7u 621 

AT, cold end, O F  204 
I 

Tube Data 

Material 
Outside diameter, in. 
Wall thickness, in. 
Length, f t  
Number 

Bundle diameter, in. 

Heat transfer c&pacity Mw 

Average heat flux, 
lo00 Btu/hr*ft2 

T h e w  stress,* psi 
FLOW rate, ft3/sec 

Fluid velocity, f t /sec 
Maximum Reynolds modulus/lOOO 
Pressure drop, psi  

Pitch (A), ~n. 

Heat Trsnsfer area, f t  2 

lo00 lb/hr 

6.5s Cr, 1% Mo J U l O Y  
2 
0.180 
18 
362 
2.75 
55 

82.2 
2800 

100 
18.600 

57.5 

5.6 
300 
5.7 ( j e t  Pump) 

410 

Superheater Reheat er 

4 4 
Secondary Steam Secondary Stem 

sodium sodium 

Shell Tubes Shell Tubes 
U+ube in U - s h e l l ,  straight, 

counterflow counterflaw 

1080 1000 1080 ZOO0 
930 621 lo00 640 
150 379 80 360 

80 80 
309 360 
169 186 

39.2 
1760 

9- 3 
354 
6.9 

406 
61 
396 
10.3 

22.6 
2200 

35 

399 

5000 
16.8 

7.9 
163 
3.2 

137 
l67 
10.4 



bd 
Aportion of the cooled sodiumleaving the s t em generator circuit  

1 returns t o  the pumg suction, which is constructed as a blender, and mixes 
w i t h  the stream bypassed through the t h r e e - m  valve. The centrifugal 
pump is specified as two-speed, with the second speed being onemfourth 
of full speed t o  give essentially one-fourth of the f u l l  flaw so that 
the power output may be more easily regulated from 25s down t o  very l aw 
levels 

- 

I 

I 
The steam generator, Fig, 1.10, consists of tubes suspended in  the 

flowing sodium. 
central tube t o  the bottom of each bayonet and boiling occurs during 

upwaml f l o w  i n  the outer ann~ilus. 
the water and stem, and the water returns t o  a tray which collects it 

In this Lewis-type boiler, the water flows throuEl;h a 

Baffles in the steam d m  separate 

for  recirculation. 

Just below the tube sheet and above the sodium, a thermal barrier 

and a gas space are provided t o  pennit the tube sheet t o  be at the satu- 
ration tempratwe and thus avoid thermal stresses. 
gas space w i l l  serve as a cushion fo r  the in i t ia l  shock i n  the event a 
tube ruphres and water leaks into the sodium. 

In addition, the 

The superheater is a U-tube in a U-shell, counterflow exchanger, 
with the steam inside the tubes. As in the s t e m  generator, there i s  a 
thermal b w i e r  between the sodim and the tube sheet at the cold end 
i n  order t o  minimize thermal stresses. The reheater consists of straight 
tubes in a straight shell. 
perature difference between the shell  and the tubes is sufficiently small 
that this more economical construction can be used. The reheaters are 

steam. 

W i t h  the sodium on the shel l  side, the tem- 

located near the turbine 5 t o  give a smal l  pressure drop in the reheated 

c . 
'Re E. Shannon and J. B. Shelley, "Double Reheat Cycle - Next Step?" 

PWr, m b m  1953 PP 98-99. 

-- 
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b. 
50 mcmIc 

. '  
e Steam is supplied t o  the 275-Mw-rated turbine at 1800 psia and 1000'F. 

The single sWt of &e turbine operates at 3600 lllppplj there are three 
exhast ends, The turbine heat rate is estimated t o  be 7700 Btu/kwh, 
for  a. cycle efficiency of 44,3$* The electric& generator and station 
heat &tea a&, respectively, 7860 and 8360 Btu/kwh. With 6$ of the 
electr ical  generator output used fo r  etation power, the strpply t o  the 
bus bar is 260 Mw. 
Authority heat balances for  a turbine of th i s  type,6 with adJustnents 
nakte f o r  the moaified steam conditions7 and $he different plant require- 

These e s t h a t e s  are baeed on Tennessee Valley 

I 

ments of the molten-salt reactor system. 

The conditions given above were selected t o  give the minimum cost. 
Increased cycle efficiency could be obtained with higher temperatures 

asd higher pressures, but the increase in efficiency would be offset by 
the increases i n  equipment costs associated w i t h  the higher tempratupes 
a d  pressures, 

I 
. .  i 

The nuclear behavior of the particular molten-salt reactor asd fue l  
processing cycle selected for  this design study is presented in this' 
section. 

. molten-salt reactors is given in pxrt 4.) The reactor could u t i l i ze  either 

quantity, it wets selected as the prirmry fuel, 
reactors designed t o  use 
rea&ors fueled with I?33 is given in Part 4. 

(A more detailed parmetric study of the nuclear performance of 

or but, since I?35 is the only isotope presently available in 
For compasison wit& other 

8s a fuel, the performance of molten-salt 

'The data used were for  W i t s  Nos. 3 and 4 of the Gallatin Steam 
Plant, Wa t in ,  Tennessee. 

I 

7H. .R. Reese and J. R. Cerslson, "The Performance of Modern !l?a&&nes," 
Mech. Engrop Ma.rch 1952, p 205. 

- 3 4 -  
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7H. .R. Reese and J. R. Cerslson, "The Performance of Modern !l?a&&nes," 
Mech. Engrop Ma.rch 1952, p 205. b; 
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1 

For the nuclear &m3ysis,.the repztor was s0xxqptuall.y resolved Into 

a spherical core having ti unifom temperature of U80’~, a thin sphtriti 

1 3 
aore shell of IMOR-8, a spherical anuulus of b&x&et fluid, and a spEeri- 

I 
aal reactor shell. A blauket thickness of ‘2 ft appeared to be suf'flclent 

1 - 
to prevent excessive losses of neutrons to .%he outside, and a core mssel 
thic&ess of 1/3 in, was ‘used. A reactor shell thickness of 213 In. was 
selected for the kculations, .but, In qtany cases, the reactor shell was 
neglected in order to shorten the calculations. 

I The remEtining independent vmlables of si@.flcance were the concen- 
! tration of thorium in the fuel salt, the diameter of the co=, aud the 
1 

i .. 

fuel salt reprocessiug rate. Of princlpe3 interest were the correspond 
l?33 aud $35 aud the regenersltion ratio,. In critical inventories of 

j, Part 4, the results of a’parmetric study of the initial states are pre- 

i . sentedj that is, the results are for l’cleau” reactors, having no fission 

1 fra@mznts or nonfissionable isotopes of uraulum other thau I? 38 present. 
j a Rowever, the optimum system could not be determined from such a study 

1 _ 
alone; in particular, the ti@e after startup when processing is Initiated, 

i . 

j : 
the m&hod of processing, and thek rate are iqortaut factors. The para- 
lnetric study of various fuel reprocessing schemes that is under way at 

1 
1 . 

present is described in Fart 4. !BxLs study is not yet complete because 
the nuuibez, of possible coaibinations of Independent variables is quite \ ! 

! -xe. 2 Therefore, a typic&l, set of conditions, which mqy turn out to 
j ,- be near* opt&mu, was selected for gresentatlon. 

A core -&meter of 8 ft end a thorium concentration of’ 1.0 mole $ 
’ in the fuel tit were selected as a reasonable coqpromise between the 

desire to minimize the inventoiy of l.?35 ‘aid to maximize the regenexk *.. 
tlon ratio. .The nuclesx pexformkuce of the lnltlal state la set fourth 
In ‘pable i.3. 

A conversion ratio of 0.63 is believed to be about the maximum that 
an be obtained in a hcmgenetius moltep fluoride &$t system %th U235 
as the fuel (see Part 4). The pet?fomance with IJ2 would be substau- 
tM.ly better, of courset and regeneration ratios of O&I or higher could 

.w 
i35- 

.’ 
.’ , 

, .,. : 
.\ I 

. ,. 



. .  . .  

. .  . .  
. , .  

. .  . .  . 
. .  

0 Core &meter: 8 ft 
Powe~: 600 Mw (heat} 
IO&& factor: Q.8 
volume of external -1 syrstwa: 
U-235 inventory: 604 kg 
Regeneration ratio: 0.63 . 

339 f i 3  
- 

Catton 
Concentration Atom Dens1 t y  Neutron Abaorptlon 

:.. (mole 4 )  (Atoms/cm3) Ratios+ . . !  

10x9 
Core . - 

u-235 

u-238 

fissions 
n-Y 

Th 
L;t 
Be 
F 

Core Vessel 

Blanket 
Th 
IA 
Be 
F 

k&ge 

Neutron yield, q 

604 0 254 

45.3 0 0019 
2100 1 .o 
3920 61 
3008 . 37 
24000 

30500 13 
5 0 3  71 
1460 16 
25100 

9 *09 

0.674 
32 a 0  
i982 
1183 
4477 

392 
2139 
482.2 
4671 

0 .039 

(0.d4 

o .052 

b 

0.228 

0 0011 I 
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ci 
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be obtained in the clean reactors. Farther, as dfscurssed in  Section 2 

above, the use of graphite t o  moderate the fluoride reactor m y  result 
in s u b a t a t i a l  imp~ovment . 

The n a t r o n  balance is presented in t e r n  of neutrons absorbed in 
each element per neutron absorbed in I ? ~ ~ ~  !5us the stan of the absorp- 
t ions i n  thorium and give, directly, the regeneration ratio, and 
the sum of call the absorptions gives-plp the number of neutrons produced 
by fission per neutron abaorbed i n  8 5 .  ~n exanination of Table 1.3 
shows that about one-third of the regenemtion takes phce in  the blanket. 

The single, most important loss of neutrons fgi t o  radfative capture i n  
tt? other p x w f t i c  captures a d  leakages oould be reduced t o  zero, 

the regenemtion ra t io  would stm be u t e a  t o  0.80 in .this reactor 
by radiative capture in $35. The other i m p - t  losses axe t o  cazrfer 
s a t  i n  the core and t o  the core vessel, which reduce the regeneration 
ra t io  by 0.10 and 0.05, mspet ively,  Losses t o  the blasket s a t  and t o  
ledsage 8HLouat t o  less than 0.02 neutrons. 

Of the neutrons lost t o  the e m f e r  salt, the mJor i ty  a m  captured 
by fluorine, a d  t h e  loss i s  una.soidable. 
be 99.995 Li , a d  the W. content i s  estimated t o  be about equal t o  that 
which would be 18 equilibrium w i t h  the n-a reaction in beryllimn. Hence, 
there i s  no poh% i n  specSy5ng a lawer  eoncentm$ion of Li 6 8 The system 

core vessel, about one-tMird are captured by the molyb&pm$ nickel cap- 
tures account f o r  mask of the r-ing lol~s,  

The li.th%um is  specified t o  
7 6 

contains nearly 10,OOO kg of p j k a i e d  r$ 7 . Of the neutrons los t  t o  the 

Ineremhg the hardness 
of the neutron 8pBc$’$ by increming the thorium concentration tends t o  
decmaBe the abso*i&s In the c W e r  sa l t  culd in the core vessel, but 
this decreaae fs’mox-4 than sffqet by the decline in of $35 &t higher 

energies, 

‘i; 

!rhe acmulat ion of fission fragments and nonfissionable uranium 
isotqpes tends t o  increase the inventory of $35 ana t o  depress the re- 
generation ratio. 
effects. NevePthelees, if the fission pmdu@.t;s ase not moved, the 

The produetion of 833 tend8 t o  counteract these 

3’9 



inventory of U235 w i l l  increase rapidly from 6 W  t o  go0 kg during the 
first year of opera%ion, The! regeneration ra t io  will f U  f m  0,63 to 
0,53 in tdhe s a w  period, &out 70 kg of $33 W ~ U  have acc-tea$ of 
which 85$ will be i n  the  fuel sa t ,  

The nuclear characterlatics of the system at the end of the first 
year w e  presented in Table 1,4. As 
09 the neutron spectrum results in a decrease of ~ Q S S ~ S  of' neutrons t o  
the fuel S a l t  md t o  the COX% VeBSel t Q  00012, but t khh  AS mOr"8 

.than offset by the coprespon&hg decline in 
all three fissionable isotopes present), 

??35 inventory would costhue t o  rise0 
reprocessed continmusu at, tbe rate of one fuel volume per yeag (thus 
holMng a e  fission -duct concentration constat) ,  the 835 inventory 

be seenp the increasing hardness 

t o  1.7'8 (averaged over 

If the fission products were aXLmd to accutnulate further, the 
Zp however, the fuel  ~ a ~ & t ,  is 

md regeneration ra t io  can be held stationmy, as sham i n  Part )c, Fig. 
4.10, 
uranium imtopeas is ccmpnsated by the accumulation of A neutron 
ba3aaace f o r  .the 6ystm at the  end of twenty yews is given i n  Table 1,5. 

may be seeno 3% is much mom hasmf~ll a 8Bp since it cap- 
t a m s  2.5 Limes $8 may neutmns anti does not form a. fissionable isotope, 
Despite these losses, however, the regenera%ion ratio b e s  not decrease 
a~ree fab ly ,  
provides MI$ of the fissions. 

The continual increaae in the  concentrations of nonf'issionable 

because of me superior propea~&ies of 833,  which  

In s v ,  once repmeessing t o  remove fission products is begun, 
nuclear performance of %he syatem, is stabilized t o  a satisfactory d e p e  

for  twen-by yems. 

isotopes of uranium neea be made. 

No pmvisrion for the r m v d  of the nonf'fssionslble 

If desired, the trassien4x awing the first y e a  of operation can 
be largely eliminated by & l l m g  the thorium conolsntmtion to decrease, 
par t ly  t&mu& bmup and partly thmugh witAdrawa3.. Such a case is 
s h m  in Fig. 4.10 as 8 W e d  linep in which the core reprocessing is 

- 3 8 -  
J 



Table l o b 0  Nuclear Characteristics of a Typical Molten-Fluoride-Salt Reactor 
After Operation for One.Year Without Reprocessing of the Fuel Salt 

&re diameter: 8 f t  
Power: 600 Mw (heat) 
Load factor: 0.8 
Volume of external fuel system: 
U-235 inventory: 8 9  kg 
Regeneration ratio: 0.53 

339 f t3  

Ne.utron Fraction 

(kg) (mole 5 )  (At oms /cm 8) Ratios* Fissions 
Inventory Concentration Atom Dens t y  Absorption of 

1019 
Core . - 

u-235 
Fissions 
n-Y 

u-233 
Ffssions 
n-Y 

m-239 
Ffssions 
n- Y 

pa-233 
U-Be-F 
U-234 
u-236 
UP-237 
U-238 

m-232 

Ff 6 6 ion 
fragments 

890 

61 

6.8 

.- 2100 
8.2 

1.9 , 

62.2 
4.2 
57.9 

181 

Core Vessel 

Blanket 
-232 30500 

pa-233 5 85 
u-233 805 
f9-Be- 

0043 

0.029 

0.003 

1 .o 
0.004 

0 .ooog 
0 00% 
0.002 
0.058 

13.4 

0 926 

0 0 101 

32 .O 

0.029 
0 933 
o -062 
0.860 

0.125 

0.618 0 e861 
0.562 

0 0090 0.126 
0.014 

0.009 0.013 
o ,006 
0.299 
0 e005 
0.080 
0.001 

0,004 
0.032 

0 * o s  

0 (I 172 4.46 0,068 

13 392 0 .x>6 
000024 0 e071 
0 moo37 0 . 110 

0.010 

0.004 

1.78 

* Neutrons absorbed per neutron absorbed i n  U-235. 
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U-234 inventory: ST0 * *  

Regeneration ratio: 9 b 5 3  

I 

, 
Neutron Fraction - Inventory Concentration Atom Dens t y  Absorption Of , 

(kg) (mole $) (A$oms/cm 3 ) Ratios* Ffssions 
10x9 

Core - 
u-235 
Fpssion 
n- Y 

u-233 
Ffssion 
n-Y 

pu-239 
Mssfon 
n-Y 

Th-232 
-433 
IS -Be -F 
U-234 
u-236 
NP-237 
u-238 
Ffssfan 
fragment8 

Core Vessel 

Blanket 
~h-232 
pa-233 
v-233 
IS-Be-F 

0 410 

0.152 

0.044 

1.00 
0 0 ~ ~ 3 2  

0 0 ~ 5 8  
0,210 
0 0015 
0.060 

0.085 

13 
0 .m21 
0.0140 

. ,  . , , ,  

0.407 
0.182 

0.303 
o .028 

0 0030 
0.022 
0 255 
0 .OO3 
0 0073 
0 0026 
0 147 
o .019 
0.056 

0.045 

0 .Ob3 

0 * 195 

0.009 

1.84 
, , . .  

0.410 

* Neutron8 absorbed per neutron absorbed In U-235* 
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begun immediately and the thor im is removed at the rate of 1/900 per 
day, in addition t o  the n o d  burnout at the rate of 1/4m per day. 
The c r i t i ca l  inventory r ises  Within one month t o  a maximum of 626 kg and 
then falls to 590 kg at the end of eight mnths. A t  this time .the re= 
processing rate  is increased eo 1/%0 per day, and the thorium I s  returned 
t o  the core. Thus, the thorium conoentration falls thereafter only by 

burnout. The regeneration mM.0 is  l i t t l e  different fKna that of the 
previous case during the flrst two years, as indicated by the dashed llne, 
but it falls steadily t h e 1 ~ 2 t e r .  The inventory r ises  slmly, but 

835 inventory could have been stabilized at the inw-yeas value by modest 
withdra;wals of thorium; hairever, the regeneration ra t io  would have fal len 
faster and additions of 
greater, 

the I? 33 inventory is stabilized at 200 kg af te r  about six years. The 

t o  compensate for  burnqp would have been 

A necesstuy condition fo r  the feasibi l i ty  of a molten-salt reactor 
i s  the integrity of the core vessel. This member is exposed t o  high- 

intensity neutron and gamma fields, and it is therefore subject to both 
radiation w e  and thermal stress. w i t h  a preliminaJcy estimate of the 
heating in a comparable reactor having a pure nickel core vessel 8 as a 

basis and w i t h  allowance made fo r  such differences as diameter and cm-  

position of the fuel salt, the ccnnbined garmna and neutron heating i n  an 
8-ft-dia INOR-8 core vessel in a reactor having 0.5 mole 4 Wk in the 
fuel salt and operating at a pwer level of 600 m of heat was estimated 
t o  be not greater than 12 x/a3 of metal. B e  rate of heat release in 
the blasret salt was estimated t o  be not greater t h m  50 Mw, exclusive 
of any contribution from fissions in the blmket, which may add up t o  
mother 30 Mw. 

I A. Mmn, mst Estlmate of Gammz Heating 
in the Oore Vessel of a Mlten Fluoride Converter, O R M t C F  57-12-57, 



The initial startup of' the plant will be accoqplished In four steps: 
(1) prelirninasy checking of the systems, (2) preheating and f i l l i n g  of 
the f luid circuits, (3) em3.ctIxl.q t o  aritica;Lity, and (4) aperating at 
low power, The integrity and proper functioning of the equipment will 
be established, insofar as possible, i n  the prelimhmxy chedcing of the 
system. This step w i l l  include, i n  addition t o  cleaning and leak testing, 
checks of i n s t m t  and alarm equipment settings and functioning, con= 
tinuity and polarity of the electr ical  circuits, direction of rotation 
of rotary el-nts, and operatfon of valved and auxiliary systems. 

Ln the second step, the fuel, bhuket salt, and sodium circuits 
will be preheated t o  above the melting points of the various mediums 
and then fi l led.  The preheating loads will be divided into manageable 
sections that can be automatically monitored for  hot and cold spots so 

that thermal stresses may be m.t.nimized. The systems wi l l  be f i l led at 
teqperatures as low as practical so that f u l l  advantage can be taken of 
f luid circulation as a means of bringing the system t o  an isothermal con- 
dition Wore  enrichment. During the i n i t i a l  period of f luid circulation 
t o  establish the isothermal condition, the proper fwctioning of the f l aw 
control equipnent will be established. 
lurgical  s-bility of the containment system w i l l  be evaluated by ~z~ 
samiples wl;thdrawn from the f luid systems. The operability of the fuel 
system withdrawing and enriching equipent will be checked w i t h  b-n 
salt; the high-teqperature instrumentation wi l l  be checked; the draining 
and ref i l l ing procedures w i l l  be verified by testing; and remote minten- 
ance techniques w i l l  be tried out. This period of nonnuclear isothermal 
operation at high temperature w i l l  also serve t o  familiarize the operating 
c m s  with the system and t o  establish the i r  confidence i n  its aperability. 

Also the cleanliness and metal- 

!Be preheating and f i l l i n g  procedures will begin w i t h  the introduc- 
t ion of water t o  the steam generators. The steam generators a d  the 
sodium systems w i l l  then be preheated t o  35OoF, which will  produce a 

. 



>i. 
pressure of 150 psi in the steam system. The sodium will then be.pres- 
purized from the sodium drain tanks into the primary end secondary sodium 
systems, the sodium pumps will be started, and flow will be established. 
Both sodium systems wi&l then be further heated to 600'F by using the 
electric heaters and by making use of the fluid circulation. Simulta- 
neously the fuel and blanket circuits will be heated with electric heaters 
to the same temperature. The pressure in the steam generators will have 
risen to approximately l&O psi snd, before further system heating is 
attempted, a small load will be imposed on the steam generators to hold 
the water tem,perature to 600°F as the rest of the circuits are heated to 
higher temperatures. The steam generators will be loaded by bypassing 
a sm&Ll stesmflow'aroundtheturbine. This load will be determined by 
the emount of excess power available during the heating period from pumping 
power and external heat sources in the systems. The load will be low 
relative to the design capacity of the steam generators3 there will probably 
be less than 1Mw available for bypass steam generation in the five units. 

At this juncture any increase in water temperature (above 6OO'F) 
would result in overpressurization of the steam system, and if the steam 
generators were allowed to evaporate to dryness and go to higher tempera- 
tures, severe thermal shocks would be imposed on the structureswhen 
water "s again introduced. Therefore, the sodium flo* to the steam 
generators will be reduced as the reactor systems are elevated in tem- 
perature. The flow in the secondary sodium loops will be reduced by 
lowering the p&p speed, which in &,I& will reduce the flow to the stem 
generators, and the throttling~val~es kill be mainpkated to reduce the 
proportion of the total fl& th2ou& t@z &eratOrs and to shunt the flow _ 
around the superheaters. 

'_ 
: 

When,the-reactor and ~primary sodium'circuits have been preheated 
to UOO°F, the salts.will then be charged fromthe dump tanks into the 
process circuitr$, end f&w will be established. 



A t  this time all the reactor heat transfer loops w i l l  have been f i l led,  
and the reactor will be operating isothermally at llOO°F. The steam gen- 
erators will be running at temperatures less  than 625OF, and the super- 
heater and reheater sodium circuits w i l l  be running at temperatures less 
than l l O O ° F  but greater than 625OF. The heat that is transferred through 
the systems by Virtue of the 475OF gradient w i l l  be dtnqped in the steam 
bypissing the turbine. This heat load may be varied by changing the ra te  
of d.I;mrping of the steam and the sodium flow rate  in the steam generators. 

When it has been established that the plant; is performing satisfac- 
tiorily and that the systems are t i g h t  and chemicaUy clean, the c r i t i ca l  
experiment w i l l  be started. 
through the enrichment system. Apprcrximrttely 38 $t3 of LIF-BeF2-UFk mixi 
ture containing 2.5 mole $ UFk will  have t o  be added t o  the 530 f t3  of 
caxrier salt t o  achieve a fue l  concentration of 0.15 mole 4& w ~ .  As the 
concentrate is added, it may be necessary t o  w i t h d r a w  f lu id  from the fuel 
system so that an adequate expassion volume w i l l  be available in the 
elrpansion tank. 
and &tier c r i t i ca l i ty  has been achieved, a thorium-enriched salt wi l l  be 
added t o  the fue l  mixture. 
the operating temperature mqy be finally trimmed by alternate additions 
of fuel  and thorium concentrate mixt;ures. adding the thorium t o  the 
system as a last step, its worth  as a poison or ch&cal teqperature shim 

may be evaluated before power open3tion. 

ml concentrate w i l l  be added t o  the reactor 

The reactor wi l l  be t i t r a t ed  t o  c r i t i ca l i t y  at llOO°F, 

This will drive the tenperatme down, a d  

A period of low parer operation wi l l  follow the c r i t i ca l i t y  experi- 
By virtue of the negative teqera ture  coefficient, the reactor ment. 

w i l l  be a slave t o  the demand load, which w i l l  be ixxposed by increasing 
the steam generation rate as a result  of increasing the rate of sodium 
flow through the steam system. Manual manipulation of system control 
valves will be required unt i l  an appreciable fraction of design power ' 

is obtained, say, 30s. 
be determined by the permissible rate of temperature change of the can- 
ponents . 

The rate at which the load mqy be increased w i l l  

- & -  
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~eturb~~willbepreheatedby~tting stesmthroughtheturbine 
controlvelves, and, when the turbine has been heated and brought up to 
speed, ell the steam will be directed through its normal path. At low 
pc&r levels, it may be necessary to attemper the stesm so that the tur- 
bine temperature limits will not be exceeded. 

NoMpal plant restarts after power operation will follow the same 
basic procedures, except that no critical experiment will be required. 
Since there is no control rod, close attention will have to be paid to 
the fuel system filling rate and temperature so that nuclear transients 
will not be incurred. 

8. REACSXR CONIROL AND REFUELING 

The kinetics of circulating fuel reactors have been studied snd 
reported in a number of papers. 9 A typical value for the tsmrperature a 
coefficient of reactivity for a molten-salt reactor is -4 x low5 (Clk/k)pF, 

. This negative temperature coefficient is sufficient to make the poWer 
level in the reactor a slave to the applied load for all normal opera- 
tional power demand changes, without the use of control rods, As indi- 
cated in the following section (Sec. 9), it keeps the reactor safe from 
excessive temperature excursions even under some rather adverse conditions. 

The critical. temperature of the reactor graduelly denreases during 
operation at power as a result of the burnup of fuel snd buildup of fis- 
sion product poisons. .At constant power, all temperatureg in the heat 
exchanger eystems decrease corresponbingly, including, in-particular, the 
temperature of the sodium returning from the superheater-boiler-reheater 

": 

systems. !lhistemperaturemustbemaintainedatalltimes above an 

. 

a 

bJ 

9 W. K. Ergen, Current Status of the Theory of Reactor Dynsmics, '.: 
ORNL-CF 53-7-137 (1953)pW. K. 
Nuclear Reactor," Phy& Rev., 

Ergen, %inetics of the Circula 
s 702 (June 1954); J. A. Nohelt%ab%ty. ' 

of Solutions-of the ReactorEquationsJ ORNL-CF 54-9-253 W. K. Ergen and': .:I-- :.. 
A. M. Weinberg, "Same Aspects of Notiinear Reactor mcs," physics a, 
413 (1954); F. H. Hrownell and W. K. Ergen, "A Theorem on Rearrangements 

:j 

and Its Application to Certain Delay Differential Equations," Jozrnsl of 
Rational Mech, and Ana3ysis, & 565 (1954). .i 
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asbitrary minirmrm, determined by the melting point of the fuel. 
perature of the return sodium is  therefore used as an indicator o f  the 
need fo r  additional I? 

The tem- 

35 t o  restore the desired temperature level. 

The relation which @xes the w s ,  AM, of fissionable material t o  
be aaded t o  the reactor for  e, given increase in the steady-state mean 
core temperature, Tm, is given by the expression, 

where, 

For epithemna3 reactors, 8 has values between 2 and 10, usUB11y greater 

than 4, and can be obtained fmm c r i t i ca l i t y  experiments or  by computa- 
tion. 
qulred t o  burn up the aorrespsnding mass (AM) of fuel, with constant 

The reduction in the coolaat return temperature vs the time res 

sower generation of 600 MW, is shown i n  Fig, 1.11. 
fuel inventory is 1000 kg of d35, f3 is 9, a i s  -4 x lom5, and the sodim 

Far example, if the 

return temperature can be allowed t o  drop 30°F, the reactor must be re- 
fueled at intervals no greater than 13.5 days. 

W t i o n  required is  10.8 kg. The effect of buildup of nuclear poisons 
is neglected i n  this calculation. 

On this schedule, .t;he 

In the first year of operation, the 
increased inventory required t o  compensate fo r  the poisons requires more 
frequent -1 additions. The calculation described above is  typical of 
the conditions that exist &ter fue l  reprocessing is initiated. 

m e  following diahssion gives the initiaJ. results of a study of , 

difficulties that may arise as a result of accidental occurrences i n  
various parts o f  the reactor system. Although no plausible accidents 
with inherently disastrous results have been postulated, the need fo r  

u 

. 

. 
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further apximental. and design efforts t o  determine the most econaaaical 
of handling sane situations is agparent. 

The transient behavior of the reactor system has been asalyzed by 
analog ccDIlputer techniques f a r  several types of sudden changes in the 
heat load on the reactor.1° r he reactor flow d i m  assumed fo r  the 
simuLatar study is shown in Zg.  1.12. 
the aore heat transfer paths for  individual &pubtion, and lumps the 
others together into one heat surm;p. The teqperature aoeffiaient * of .I re- 
act ivi ty  assumed was '-4 x 10a5pF. c 

This diagmn segregates one of 

&le A0 Instastaneous USS of Inad Emu a Secondam soilium Circuit 

!Phis is the limiting case of an accident ocdurring t o  only one of 
the co2e heat transfer paths at the maximum distance a m  from the reactor, 
All temperatures ypstream of the failure tend to become isothermal at 
the new reactor outlet  teqperature, which is slightly lower than that 
under full. power. 
is rapid and mounts t o  2OO0F or  more. The heat exchangers, as designed, 
will withstand the temgerature changes, but a ccwrplete stress analysis 

of the piping layout should be made before such a reactor plant is built. 

The teqperature change in the piping and heat exahangers 

9,2. An Instantaneous Stoppage of Sodium Flow in ,me of the Primasy Heat 
Exchangers 

This -e is similar t o  that discussed above, except that temp%'+ 

D u r a  the transient the man core temperatme 
twes downstream from the primary heat exchanger drop quickly to a lower 
isothermal temprature. 
of the reactor r i ses  to a peak of at most 20°F above normal during a period 
of time a p p r o x i m t e ~  10 sec, while the outlet taqpera~ure drops auto- 
matically t o  its new value. 

These two Unit ing cases ahow that there i s  no feilure of a sin& 
heat trassfsr path that can cause an excessive teqperatuxe rise i n  the 
reactor, 

' ' I '  . 

'R. m, private communication, om. 
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9.3; An Instantaneous Reduction of the Heat Flow Rate from the Reactor Core 

1f.a fuel pump should suddenly stop, the rate of heat removal from the 
core would be quickly reduced t o  a fraction of that at f u l l  power. The heat 
removed would be determined by thermal insulation losses, by thermal convec- 
tion through the core fuel circuits, and by heat transfer t o  the blanket 

through the core vessel w a l l .  
blanket pump remained operative. 
sudden fuel pump failure, forced circulation i n  the core circuits would per- 
sist as a result  of iner t ia l  effects but a t  a rapidly declining rate. 
sharply decreased circulation rate would result  i n  a larger fraction of the 
delayed neutrons being released i n  the reactor core. 

The l a t t e r  would be very significant i f  the 
During the first few seconds following a 

The 

G 
i 

J 

A limiting approximation of the effects of fuel pump stopping was studied 
on the simulator. 
steady-state full-power operation, the heat removal was reduced instantaneously 
to  a small fraction of f u l l  power. 
fuel stopped instantaneously so that the fuel salt that w a s  i n  the reactor 
stayed there. 
tions could be met and the times t o  reach them are given i n  Flg. 1.13 as 
functions of the reduced heat removal rate. 
results from the continued fission power generation at  subcritical conditions 
from the gradual decay ra te  for the neutron flux and does not take into account 
afterheat from fission product radioactive decay, which acts as an additional 
heat source. 

I n  the simulator studies, it w a s  postulated that during 

It w a s  further postulated that the f l a w  of 

The peak temperatures which could be achieved i f  these condi- 

The temperature r i se  indicated 

The curves i n  Fig. 1.13 should be used with caution; they are intended 
The coasting effect  from only t o  se t  upper limits on the temperature rise.  

the fuel's iner t ia  and thermal-convection circulation w i l l  reduce the peak 
temperatures markedly, but the relationships are complex and a more extended 
analysis i s  necessary. 
but their  sudden appearance wi11 cause thermal strains. 
these strains and their effects on the  integrity of the reactor requires 

The peak temperatures are not a problem of themselves, 
The magnitudes of 

analysis, but no serious consequences are expected. P 
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9,k. Cold Fuel Slugging 

If cold fuel  i s  suddenly injected in00 %be reactor core when the 

power leve l18  ve'ry low, the core may become supercdtioal on a fast 
periodr This can lead t o  the pmer dendty exceeding the design level '  
before the mean eore tenrpemture r ises  again to i t g  flornral operating 
range. 
design level power.densit2es could lead t o  a serious temperature over- 
shoot i n  the reactor. 

Two sirnulatar ca6es were run to see whether fhese higher than . .  

nsidered Onvolved suddenly inureasfng the power demand 
a t  the twfler from 6 MW t o  600 MW, 
core fn le t  temperature t o  abou$ ~ O O O ~ F .  

reduced td abmt 1050°F9 &e temperatures t h q  &e asymptotically' t o  
normal opretiw' levels with oversim0l.t; h t  moit of a few degreesb 
power level overshucsts t o  about 900 W ,  but the oyershoot is power has 
no prsletical significance. 
magnitude is  impractfoal t o  obtain, so that this is a limiting case i n  
EO far a8 a sudita application of load is CDncemed, 
that "cold Fuel. slugging" as a Fesult of load manipulation cannot lead 

The bnmediate effect  is + lmr the 
m e  werag;! l t Q ~  iempei.ature is 

me 

A sudden load Increase at the boiler of this  

?t must be Boncluded 

to  any diff i iul tyt  

aae was s e t  up i n  a n . a t t q t  to simulate stoppage of fuel 
bw) cooling of the fuel i n  the hkat exchangers t o  just abuve if& melting 
ifit, and then start ing flow t o  put a slug of very cold fuel i n  the 

reactor, I n  the start ing condition of the simulator study, the reactor 
%s svbcritical at  a temperature greater than 1200%, 
s t k t e d  and cold fuel was force& into the reaotor at  the barn1 pumping 
rate, a step-wise increase i n  the reactivity of 0,4$ was a r t i f i ca l ly  
inserted t o  place the reactor i n  a positive periodo 

A8 the fl& was 
~ 

This insertion of g. 
positive period was intended to  replace a condition of Starting a t  very 
low power, since the scaling limits of the aimulatar do not permit the 
intmduction of i a t ia l .  power levels of lese than 5 Mw. Under the simu- 
la tor  aonditioas used, %he reactor: core temperatwe again w e d  about 
150°F and then rose'asymptotieally t o  the design temperatwe W s t h  a0 
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w. perceptible overshoot. It is concluded that a fuel pump starting up 
with cold fuel in the primary heat exchangers is unlikely to lead to 

. high temperature excursions in the reactor. ;" I' . . 
9.5. RenovaJ.of Afterheat by Thermal Convection 

+' ', '. 
A survey examination of the.capability of the heat transfer system 

for the removal of heat .by thermal convection in the event that all 
puqping power is lost has.,been made. The temperature patternof the 
system required for the reinovu of 4s of the design power by thermal 
convection Is shown in Pig. 1.14. This study shows in apreliminaryway 
that thermal convection can remove enough heat from the reactor core so 
that loss of power to the pumps in the radioactive areas will not neces- 
sitate the dr&nage of the fuel from the reactor. A detailed system 
analysis msy indicate that slight.modifications in layout msy b:: required 
to accomplish this, however. ; 

+ $1.6. I;OS.S of. Fuel puarr~ 

Any event which stops the forced.,c$rcuJ.ation of'fuel -2hrsugh the 
. primsxy heat exchangers requires that steps be taken to prevent freezing 

of the fuel salt, The steam system +s such a large, relatively low tem- 
pera+re,heat sink that the fuel saltwould be quickly frozen if no action 
were taken. There are two safety controls. ,,First, fuel pump stoppage 
or ioss of power will cut the stesmto the turbine, and reduce the turbine 
output to a low level to handle afterheat;. etc. The second control, 
triggered.by a low temperature in.the.cold line of the primary sodium, 
wilJ. s+p the soditm~puqpr;. , 

._ ;' 
p,y.. 3irAs of Electric Tra3xm$ssion L&ne Connection to the Plant . 

I 
.I -b-the event of:l.oss of electrica load on the plant, the turbine 

stop&&e will'-adjust auto&tlcally~%o prevent turbine runaway. The 
tu%b&e.&be ad&&d-to a 5 to lQ$'ktea load" to supply local needs. 

- Thlle,&in piGSure iwthe ste&n'~sys&m resulting from closti of the 
st&~k+e wh.l open the emergency*.re,l&f $$.ve until, to save purified . . ._ * .'. * . .a; ; _-. ; ," . . . .: 

%I 
: 

. 
w 

L. IBlkenberry, TVA, private communication. 
.: :. 
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water, the steam by-pass valve is adjusted for the dumping of steam to 
the condenser, :Simultaneously, or as soon as practicsl, secondary sodiwn 
pump speeds will be reducedsand valves controlling sodium flow to the 
boiler, superheater, end reheater and in the bypass will adJust automati- 
csXly to give design temperatures and pressures for the aount of sfter- 
heating being removed from the reactor. Ifthiaidlingpowerexceeds 
the power required to operate the plant it will be dumped to the condenser. 

l 

. 

. 

. 

The whole 'plant will be maintained in a'condition ready to resume 
its electrical load as soon as it can be re-established. It is to be ^ 
noted that should the load loss be sufficiently prolonged so that the 
afterheat 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 standby condition during a period in which, say, the elec- 
tric generator equipment is inoperative and there is a simultsneous loss 
of power to the plant, emergency power generation equipment will be 
needed.' The emergency supply must have sufficient capacity to operate 
instruments, controls, feedwater pumps'snd auxiliary equipment necessary 
for control and removal of afterheat. 

9.8. Leak Between Fuel and~FQa,nket Salts 

The free surface of the blanket salt is above the free surface ,of 
the fuel salt, snd the blanket salt is more dense than the fuel salt. 
Both the core and the blanket will have a common gas pressure over them, 

and both are on the suction side of the.pumps in their respective systems. 
Under these conditions the blanket will alwsys be at a higher static.pres- 
sure then the core, and any'leak between the fuel and blanket salts will 
drive the blkket salt into the fuel salt and lower the critical tempera- 
ture of the reactor core. 

: , 
With such a leah the mkntenance of system temperatures would re- * 

quire addition of fuel at a rate in excess of that required for burnup 
snd fission product poisoning. : To maintain the critical temperature 
constant in a clean,-8-ft-dia core with a.fuel salt containing 0.75 mole $ 
thorium, about one atom of P34 must be added for three atoms of thorium, 
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that leak into 
b i l i t y  is suf f ic$yt ly  sensitive t o  detect a 10$ excess fueling rate, 
inleakage t o  the core of more than 165 cm3 per day will be detected. 
The fuel and b d i t  salts are chemically iner t  w i t h  respect t o  each ' 

other, and theref chemical effects of the mixing are expected. 
If fission-produ avy-element .poisoning were t o  mask the excess 
refueling caused by e blanket leak and prevent early detection, the leak 
would be detected eventually by corresponding changes i n  fue l  and blanket 
inventories, as indicated by the level indicators of the respective 
systems. 

e core from the blanket. Thus, if the fue l  accounta- 

- i  

Once a lea& between the core and blanket w&s detected, the reactor 
would be shut down and all liquid systems would be-drained. 
of the reactor vessel would be required, and this would be a lengthy 
operation. 

Replacement 

Caplete nrpture of the core vessel would lead automatically t o  a 
subcritical condition. 
and core pressures tended t o  equalize. 

9.9. 

The core surge tank would f i l l  as the blanket 

Leak Between Fuel and Sodium 

The relative pressures in the fue l  and sodium systems will always 

be such that, in the event of a leak between the fue l  and the sodium, 

the fue l  will enter the sodium stream. 
the consequences of precipitation of uranium in the circulating fue l  
system cannot be predicted with certainty. 

This arrangement is used because 

The chemical cbnsequences of a leak of the fuel into sodim, such 
as could occur in a primary heat exchanger, have been exaririned on the 
basis of thermodynamic data.= When the fue l  is mixed with excess sodium, 
the mor constituents, except UF, will be promptly and SUtaneous ly  
reduced t o  the i r  metallic states, according t o  the reactions: 

=W. R. Grimes, private commication, ORNL. 
-* 



F NaF + UF AF = -36 kcal 

AF = -37.3 kcal 
3 

(2) UF3 3. 3Na *U 4- 3NaF 

(3) BeF2 + 2Na +Be 3. 2Na;F OF -29 kcal 

(4) 'RIF4 + 4Na 'RI + 4NaF AF = -44 kcal 

(1) U F ~  + N a  

Of the fission products contained in the fuel, the alkaline earths, the 
rare earths, and a considerable fraction of the alkali metals w i l l  remain 
i n  the salt phase as fluorides, while Mo, Ru, Zr, Cd, Zn, Sb, and Sn will 
be reduced t o  the metallic state,  

The anions, particularly and Br87, which are important f o r  
neutron detection because they are long-lived precursors of delayed neu- 
tron emitters, w i l l  appew as halide ions. 
after reaction, w i l l  contain about 54 mole $ NaF, 46 mole 4& LIF, and traces 
(insofar as concentration is  concerned) of fission product fluorides. 
Such a mixture will have a melting point greater, probably, than 7OO0C. 
(1300°F), and accordingly w i l l  be solid at the normal temperatures in the 

Accordingly, the salt mixture, 

sodium circuit. 

Metals such as Sn, Sb, Cd, Rb, Cs, md Zn should be soluble in molten 
sodium, but a;U other materials introduced in to  the sodium by the fue l  
are moderately high melting and will be sparingly soluble i n  the sodiun. 
Beryl l ium metal, which is present i n  relatively large concentrations and 
which appears t o  be relatively insoluble (4 100 ppm) in sodium, will 
probably be the first material precipitated. 
dissolves t o  the extent of 0.2 

along w i t h  LiF, w i l l  exceed the solubili ty in molten 
as separate'solid phases a f t e r  relatively small quantities of fue l  have 
leaked into the sodium. 

So,dium fluoride probably 
l e  $ in sodium at and #is salt, 

um and exist 

Sodium iodide and sodium bromide are more soluble than sodium fluo- 
ride in molten sodium, and these precursors of the delayed neutron emitters 
w i l l ,  accordingly, be dissolved in the molten sodium un t i l  the NaF-LIF 
mixture saturates the sodium and fonns a second phase. Since they are 
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more soluble i n  the a t  phase than in the liquid m e t a l  they could, i n  
principle, then decrease in concentration in the molten metal due t o  the i r  
extraction into the solid salt phase. This extraction process is  not 

I- 

I 

expectedto be important, however, since the amount of solid salt phase 
w i l l  be sxall f o r  a considerable. period, and extraction by a solid from 
a liquid should be relatively slow. 
neutrons present in the sodium arise only from the freshly leaked-in fuel, 
and therefore the concentration of precursors w i l l  not be appreciably 
affected even though the totcil atomic species concentration may be dimin- 
ished by extractions, 

Furthemre, precursors of delayed 

Prompt detection of small fue l  leaks into the priaary sodium cir- 
cuit  poses a problem yet t o  be solved. A 1 cm3/day leak w i l l  produce 
approximately 0.5 ,/a2. sec by precursor decw at the secondary heat 
exchanger, but it is doubtful that neutrons of such a source strength 
can be dekcted in the sodium cell. Likewise the neutron activation of 
the primary sodium produces gammEtLray activity which would tend t o  mask 
fission fragment gamma activity. 
by camparison with the activity in the other simi1a.r secondary sodium 

Detection of large leaks would be aided 

circuits, but the determination of the size of leak tha t  can be detected 
hac; not as yet been =de. , . 

Awell-agitated stoichimetric mixture of sodium and fuel salt w i l l  
result in a rapid temperature rise, estimated t o  be 1200°F under adiabatic 
conditions. 
a practical situation. 
carried a m y  by excess sodium. 
from fatigue in bending or  tension, the solids formed would interfere 
w i t h  rapid mixing. 
N&K which demonstrated this smothering effect; further engineering t e s t s  
w i l l  be required t o  demonstrate safety with sodium and the present fue l  
salt in  simulated component equipment. 

It is difficult ,  however, f o r  such conditions t o  exist in 

For the larger leaks which could occur 
Heat evolved from a small leak would be rapidly 

Some work has been done with a NaF-ZrF4 base fuel and 



As soon as a fue l  t o  sodiwa leak had been detected and the faulty 
u 

heat exchanger h&d thus been located, the reactor plant would be shut 
down, the fuel and appropriate sodium circuits drained, and the heat 
exchanger replaced, 

?,lo, 
J 

Le& of Fuel or m e t  @J.t t o  Reactor Cell 

The presence of a mall leak from the fuel t o  the rebctor c e l l  can 

Its location w i l l  be more dif- 
The repair of such a leak would of comse require 

The provision of an iner t  atmosphere in the 

be detected by gas-sampling techniques. 
f i c u l t  t o  detennine. 
draining the fue l  salt. 
reactor c e l l  will prevent rapid growth of leaks caused by salt-fluxed 
oxidation, 

A gross leak or  rupture of either the fue l  or blanket circuits is 
a mor accident. Means must be provided t o  vent reactor c e l l  pressure 
as it is buil t  trp by heat release from the spilled salt, and a suitable 
noncr";ttical emergency drain qystem that can handle afterheat on a one- . 
time basis must be available. 
lowest cost way of accomplishing these disaster p z w v t m a m  
yet been determined. 

g.ll, 

Ways are known fo r  doing b o a ,  but the 
* has nOt 

Maks of Water o r  Steam t o  So,&Lum 

The sodium i n  thermal. contact w i t h  the water or  steam is nonradio= 
The problem of leaks between the water and sodium systems has active. 

been faced by those engaged i n  the development of' fast reactors, and 
the i r  studies and test results will be useful in determining heat ex- 
changer design, 
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10. cZENICAs, PROCESSING AND FUEL CYCLE ECONOMICS 

m 

lO,.l. Fuel Salt Reprocessing 

The system fo r  chemical reprocessing of the fue l  salt is  a combina- C 

t ion of the OWL fluoride volat i l i ty  and the K-25 uranium hexefluoride 
reduction processes described In Part; 6. The salt t o  be reprocessed is 
transferred, as described i n  Section 3, above, from the reactor circuit  
t o  a holdup vessel on a convenient schedule, such as 2 ft3 once each day 
or  12 ft once each week. The holdup'vessels provide containment duriag 

r r 

3 

the holdup period required f o r  decaJr of the short-lived act ivi t ies  and 
act  as a buffer between the reactor and the chemical plant so that the 
operation of the reactor need not depend on the state of repair of the 

chemical plant. 

The fue l  salt will be fluorinated in batches of 2 ft 3 each, one 

batch per day. After the uranium is  removed by fluorination and collected 
as m6 on NaF pellet beds, the barren salt is  transferred t o  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 vola t i l i ty  process 
produces liquid m69 i n  cylinders, w h i c h  i s  subsequently fed t o  a reduc- 
t ion tower t o  produce WZk, w h i c h  i s  combined with fresh salt f o r  return 
t o  the reactor. The m i u m  losses i n  the chemical processing are about 
O.l$> Le., about 1 kg/yeax. 

10.2, M e t  Salt Reprocessing 

Chemical processing of the blanket salt i s  physically much the same 
as the processing of the fue l  salt except that, a f t e r  fluorination, the 
salt is returned t o  the blanket system. 
density in the blanket sa t ,  holdup f o r  decay-cooling i s  not a problem. 
Separate fluorinators f o r  fue l  and blanket s&lts, t o  prevent cross- 
contanination, we assumed, as are separate NaF beds, t o  make possible 
the withdrawal of pure $33 from the system if' desired. The sane UF6 
reduction tower w i l l  serve both fuel and blanket salt processing. 

Because of the much lower power 
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A blamket salt processing rate that is about the sszne as that for 

the fuel salt is assumed, i.e., one 2 fd batch per day. Thus fluorina- 
tion ec&Iment of the swe size will suffice. The uranium throughput 
rate of the bla&et salt processing system is, however, only about 104 
of that of the fuel salt. For corivenience, the sazne size of NaF bed is 
proposed for the two systems, although this means that the UF6 will be 
dischezged from the NaF bed in the blanket salt system only once every 
othermonth. 

The blat&et salt processing rate is sufficiently fast to hold the 
$33 invento& in the blsnket salt system to abOUt 60 kg and to limit the 
fissioning in the blanket salt to about 3% of the total. 

10,3. Cost Bases 

‘ 

i. 

Mssionable isotopes have been valued at $17/g in cmputing inven- 
tory and burnup charges and breeding and resale credits. Capitalization 
rates were assumed to be k$/yr on fissionable materials and lk$/yr on 
everything else. The fuel salt was estimated to cost $1278/st3 and the 
blanket salt $2517/ft3. The variable cost of fuel salt chemical proces- 
sing is asswned to be equal to the cost of buying r& salt to replace 
that processed. Phe blenket salt is used over the life of the reactor 
without excessive fission product buildup. 

Ihe fi;;ionable material cmmmption cost is based on feeding 93s 
enriched 8 to the core system to compensate for a regeneration ratio 
of less than.w$.ty. It is assmed that i?33 is not available for purchase 
at s@ W3cmu&3'~~, ekh~ugbit woti be worth approximately twice as 
luudias ii- in an intermediate-neutron-energy molten-salt reactor due 
to its higher regeneration *ati atlower critical inventories. It is 
assumed also~that isotopia re-enrichment of $33 Qr d3*j either by 
gaseous diffusion 0; by exchaugewith a price penalty, is not eaonomiaal, 
so that-the molten-salt power reactor must tolerate the n&fissionable 
uraniumisotopes and the resulting lower regeneration ratio and higher 
lP34??* invexitory. 
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10.4, Chemical Plant Capital Costs 

The budgeted capital costs for the ORNL volatility pilot plant total 
about $l,300,000 through fiscal 1959. This figure includes replacements 
and modifications, which should not be required in a second plant, and 
it also includes solid fuel element handling and dissolution facilities, 
which would not be required in the molten-salt reactor plsnt. On the 
other hand, the $1,300,000 does not include building and service Yacili- 
ties, or any equipment for reducing UP6 to UP4 and reconstituting fuel 
salt. Additions and subtractions considered, the reference design 
chemical piant equipment and installation cost is estimated to be $1,500,000. 
The chemical plant's share of the total reactor capital investment is ' 
about-twice this amount, when charges for building and site, des'igti~ general 
expense, and contingencies are added. These capital costs sre.listed 
with other capital costs in Section ll. 

c 

.c 

10.5. Chemical Plant Operating Costs 

The ORNL volatility plant operating budget for three fiscal years 
(lg57-58-59) tottis @,368,000. The molten-salt reactor chemical plant 
would have lower "unusual" costs (associated with development) than the 
pilot plant, but higher "production-proportional" costs, and is estimated 
to cost $500,000 per year to operate. !Fo this must be added the cost 
of replacing the fuel salt processed, or reclaiming it, if this can be 
done for an equal or lesser cost. This is estimated to be 600 ft3 (ap- 
proxtiteLy one fuel system volume) per year at $1278 per ft3, a tot&l 
of $770,000 per year. A salt reclamation process might be expected to 
reduce this considerably; ~although probably not more than by a factor 
of 2, which nevertheless would save about 0.2 mills/kwh. The chemical 
plant operating costs are listed with other operating costs in Section 
11. 

10.6, 
'. 

Net Ml Cycle Cost 

Pbr the purpose of estimating fuel cycle costs, values averaged over 
the reactor lifetime of 1000 kg for the #33=d35 inventory and 0.5 for 

1 the effective breeding ratio were assumed. The nuclear heat power was 

t 

. 
CA 
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taken 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 about 2 mills/kwh: 

: I 
Item $/ YT mills/&h 

P35 consumed 2,260,OOO 1.24 

3uelsaltmakeup 77o,(Joo d.42 

$33_$‘35 inventory 0.37 
2.03 

If a ccmI~~Lson of total fuel cycle costs with those for a solid fuel 
element power reactor are to be made, the chemical plant capital cost 
and the chemical plant operating cost should be added. These amounts 
are as follows : 

%E mills/kh 
Capital cost ($3,ooo,ooo) 420,000 0.23 
Operating cost 5oo,ooo 0.28 

They lead to a total fuel cycle cost of 2.5& mills/tih. 
, 

ll. CONSTFWCTION AND POWEB COSTS 

ll.1. capital Costs 

The information available in the preliminary design does not lend 
itself to a rigorous cost anslysis; however, the power cycle has been 
sufficiently well-defined to permit a segregation of the kjor come+ 
nents in the plsnt. The.plant layout has progressed to the extent that 
de over-all size may be determined. 

rr 

w 

Design studies of some of the .fuel system auxiliaries have permitted 
a detailed cost breakdown. The hi@-temperature sodium pump requirements 
have been ascertained to the extent that manufacturers of this equimt 

have been able to make preliminary cost esttites. The fuel and blanket 
salt ms were'estimated by scalingupcosts of smaller pumps that have 
been fabricated and tested at ORAL for high-temperature reactor systems. 
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ORNL’s experience in molten-salt and alkali metaJ- heat transfer 
equipnent fabrication and procurement has been drawn on t o  estimate the 
increased cost producing reactor-quality products . 

In 6ome cases individual coslponents were found t o  be too numerous 
for  detadled cost analysis in the time available, and costs were =signed 
t o  entire subsystems on the b&is of general experience. The instrumen- 
tation, electrical e q u i p n t ,  and auxiliary systems were treated in this 
manner, f o r  exatrIple. r 

It has been assumed that the molten-salt reactor plant would be con- 
structed at a s i t e  similar t o  the one selected in a recent ORNL gas-cooled 
reactor stuc~y.~’ TherGore, s i t e  acquisition, improvement , and structure 
costs have been set  at compadble levels. 

The capital cost summary is presented in Table 1.6. It should be 
noted that a 40$1 contingency factor has been applied t o  the reactor por- 
tion of the system, It i s  f e l t  that there are a nmber of uncertainties 
i n  some of the larger reactor cost packages and a contingency factor of 
this  order is warranted. 
remainder of the direct costs. 

A 7.5% contingency factor was applied t o  the 

The general eqpense o r  indirect costs charged t o  the plant represent 
administrative, personnel, plant protection, s d e t y  and special construc- 
tion services w h i c h  are largely incursed during construction and startup 
operations. 
cost subtotal before the contingency factors were applied. 
cost s ~ ~ a a r y  leads to  a cost of $269 per installed kiUawatt of generating 
capacity. 

The design cost represents approximately 5% of the direct 
This capital 

j 
Table 1.7 presents a more detailed cost break- of the reactor 

port;ion of the pl&nL T h ~ - ~ ~ ~ ~ t s  01: i.bems have bewLL&ed 
and the materials of construction for  a particular liquid system have 
been indicated. 

+!he ORNL Gas-Cooled Reactor, ORNL-2500, Part 3 (April 1, 1958). 
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Table 1.6. Capital Costs 
(FPC Account Numbers) 

! 

10. Laad and land rights 
11. Structures and improvements 

l3A. 
l3B. Steam system 

Reactor system (including chemical plant) 

14. Turbine-generator plant 
15. Accessory electrical, equipment 
16, Miscellaneous power plant e q a p n t  

Direct costs subtotal 

7.5$ contingency on 11,13B,14,15,16 
40s contingency on 1s 

Contingency subtotal 

18. GSXSXJ. expense 
Design costs 

$ 5%OO0 
7 , 5 ~ , 0 0 0  

20,232,000 

3,750, OOo 

~ , 7 5 0 , 0 ~  
4,600,000 

1,250,000 

49,582,000 

2,201,000 

8,093, OOo 

10,294, OOO 

7,5%000 
2,450, OOo 

TOTAL COST 

i 

. 
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Table 1.7. Reactor System Capital Cost Suannary 

(section 1 3 ~  of capital Costs) 

I. ’ Fuel System (INOR-8) 

A. Reactor core and blanket shell 
B. One 24,000-gp pump, puqp shieldng, 

C. Zbur fuel-to-sodium heat exchangers 

E. pllain f i l l -anddmin system 
F. 
G. Enriching and withdram system 

H. Preheating and insulation 

and motor 

Da system piping 

Off-gas system (includes blanket system) 

exclusive of chemical plant 

If. Blanket circuit (1~0~48) 
A. One pznap and motor 
B. One blanket S d t - t O - S o d i U m  heat exchanger 
c. System piping 
D. Main f i l l -and-drah system 
E. Enriching and withdrawal system 

F. Preheating and insulataon 

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

exclusive of chemical plant 

111. 

A. F L z e l - t O ~ S O d i U m  Systems: 

1, four 20,000-gpm pumps and motors 
2. four sodium-towsodium heat exchangers 
3. system piping 
4. drain systems 
5. preheating and insulation 

B. Blanket salt-to-sodium system: 

1. 
2. one sodium-toasodium heat exchanger 
3. system piping 
4. drain system 
5. preheating and insulation 

one 10,000-gpn ptmrp and motor 

$ 500,000 
845,000 

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

~ 75,000 

350,000 
96,0@) 
20,000 
l20,000 
50,OOo 

15,000 

9 6 0 , m  
415,000 
300, OOo 
100, OOO 
75,000 

130,000 
45,000 
75,000 
30,OOo 
20, OOO 
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Table L7. (Cmtinued) 

IV. Secondary sodium Circuits (CY+MD alloy steel) 
A. Fuel-tO-SOdi~~tO-SOdiW SyStm: 

1. 
2. 
3. 
4. 
5. 

6. 
7. 
8. 

four 15,000-gp p~lps and 2-speed drives 
four sodium-to-water boilers 
four sodium-to-steam sqerheaters 
four sodium-to-stem reheat exchangers 
twenty remotely-operated throttling 

S Y S h  piping 
valves 

fill-d-drab Sy6t@IIlS 
heating and insulation 

E. planket salt-to-sodium-to-sodium system: 
iw one 10,OoO-gpn pump and mto r  
2. one sodium-to-water boiler 
3. one sodlum4o-stearn superheater 
4. four throttling valves 
5. system piping 
6. fill-and-drsin system 
7. heating and insulation 

C. Sodium emergency drain system 

c 

V. Reactor Plant Shielding 
(17,000 cu yd of concrete at $lOO/yd) 

Support, and Cell Cooling System 
VI. M 9 . b  Contalmnent Vessel, Air Lock, Reactor 

VII. Instrumentation 
VIII. Remote Maintenance and Handling E q u i p n t  
Ix. AwriliaJry systems 

(helium, nitrogen, cranes, cooling systems) 
x. spaxe Parts: 

A0 plrmps 
B. Heat exchangers 
C. Mscella9eous 

XI. ntories : 

(300,000 lb x $0,20/1b) 
B. 
c. 

Bltmket salt (750 ft3 x 1.2 x 251'l/ft3) 
Fuel saat (575 f t3  x 102 x 3278/ft3) 

=I. (3xmxI.cd Plant Equipment 

3,626,000 
1,70%000 

450,000 

750,000 
1,000,000 
525,000 

7 0 0  
4o%000 
200,000 

60,000 
2,260,000 
~ , o o o  

1,500,000 

$20; 232, cxm 
t__i__i 
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11.2. Power Costs 

Power costs have been divided into three categories. These are: 

hd 

. 
fixed costs, operation and maintenance costs, and fuel cycle costs. 
The fixed costs are the charges resulting from the capital investment 
in the plant, 

* 

This amount has been set at 14$ per annum of the invest- 
ment, which includes taxes, insurance, and financing charges, 
to aa annual charge of $9,776,000 or 5.37 mills/kwh. 

This leads 

The operation and maintenance costs are, in the main, dependent on 
the ultimate reliability of the reactor portion of the plant. 
velopent of practical remote-maintenance techniques for the repair and 
replacement of equipment in the radioactive systems is also vital to 

The de- 

. assure reasonable costs. No accurate determination of such costs can 
be made without further experience. 

For the purpose of this report the operation and maintenance cost 
breakdown given below has been assumed: 

Labor and supervision 
Reactor system spare par ts  

PLlmPs 250,000 
Heat exchangers 200,000 

Miscellaneous 300,O~ 
Remote-handling equipment 150,00(3 
Chemical plant operation 500, ooo 
Conventional. supplies 400,000 

Total  $2,70%000 

%is total cost results in a incremental power cost of 1.48 mills/kwh. 
Net fuel cycle costs as discussed $.n Sec. 10 above amount to 2.03 mills/kwh. 

/ 
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The three categories add up as follows: 

AxmlaJl charge mills/kwh 
m e d  cost $ 9,7%0@3 5.37 
Operating and maintenance 2,700,000 1.48 
Fuel charges 

Total annual charge 

3,710,000 2.03 

Total. power cost 8,88 

The difference in cost between having the reactor plant on stasdby and 
having it on the line is about 2 mills/kwh, 

E?, SOME AL"ATE3 TO THE PROPOSED DIESIGN 

12.1. Alternate Heat Transfer Systems 

The possibtlity of replacing the fuel-to-eodium-to-sodium-to-steam 
heat transfer sys%em with a fuel-to-gas-to-steam system has been given 
a cursory exanination. The attractiveness of such a system is based on 
the replacement of two sodium systems in series with one gas system and 
in having the gas chemicalJy compatible with both the fuel and water or 
steam. Early estimates of the gas heat transfer performance indicate 
that the fuel volume required to transfer an equivalent quantity of heat 
would not be appreciably different from that required with t he  sodium 
system, 
below the melting point of the fuel, and the saf'ety of this procedure 
mUst be examined further. 
to bOO-psi ra.nge, the m e r  required to circulate the gas oduld..bb.&tpL.ret 
a reasonable level, 

These estbates were based on use of a return gaa temperature 

If the  gas system were operated in the 300- 

!The gas system would pennit a reduction in the number of heat ex- 
changers and pumps, and eliminate sodium valves. The dew point of the 
gas would provide ak deterition In case of 8 steam- 
to-gas le&. A ste s system would not have the chemical 
hazard that existe with a steam-to-sodium le&. Lf the reactor were 



b 
operated inside a pressure shell, the fuel pressure could be maintained 
slightly below the gas pressure t o  ensure that any leaks in the fuel 
system would be inward. 

the fuel and the gas would permit the maximum fuel (gage) pressure t o  
be maintained at a level no higher than that required by the liquid-cooled 
system. 

44 

The small pressure differential required between 

Gas cooling would eliminate the need for  the sodium handling systems 
w i t h  their  attendant preheating problems. 
be replaced with gas storage and handling equipment. 
down procedures would be simpler w i t h  gas than with liquid cooling, par- 
ticularly w i t h  respect t o  preheating and part load control. 
of secondary radiation shielding required with the liquid system woul l i  
be considerably reduced with the gas system because of the decreased in- 
duced activity of the coolant. 

These sodium fac i l i t i es  wodd 
Startup asd shut- 

The amount 

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

An alternate t o  the steamcycle described above would be the 
Ioeffler boiler cycle. In this system (see Flg. 1.15) all the heat i s  
transferred to  the steam in  the superheater. 
steam is recirculated by means of a steam pump t o  the boiler, where it 
transfers heat t o  the water by direct contact t o  form saturated steam. 
W i t h  the same steam conditions of 1000°F and 1800 psi, it would be neces- 
sary  t o  return approximately 2 l b  of steam t o  the boiler for  every pound 
sent t o  the turbine. The advantages of th i s  sxstem used in  conjunction 
with the molten-salt reactor are principally connected w i t h  the control 
of heat flow. W i t h  the sodium-to-steam generator heat transfer system, 
the steam generator represents a large capacity heat sink at a tempera- 
ture more than 2OO0F below the freezing point of the fuel bearing salt. 
To prevent freezing of the fuel, careful control of f low in the secondary 

Aportion of the superheated 
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sodim circuit must be maintained at low power operation, 
b e f f l e r  boiler system, the directly coupled heat sink i s  dry steam in- 
stead of water, and control of the steam circulation is believed t o  be 
easier %ban the control of the sodium flaw, The elimination of the need 
fo r  two speed puanps and control valves in the intermediate circuit would 
therefore result in a system that would more fully q l o i t  the inherent 
self’-regulation of the molten-salt reactor. 

In the 

The elimination of the steam generator fmm a sodim circuit reduce8 
the need for  sodium f l o w  regulation. The reduution of sodium equipnent 
probably would result in less frequent maintenance. 
serious obJections t o  having radioactive sodium heating the steam would 
thereby be lessened and considemtion could be given t o  the elimination 
of one of the intermediate circuits. In addition, since mbbnmteqpera- 
tures would, at design point operation, be above the melting point of 
suitable fluoride salts, their  use in  place of sodim should be examined. 
If subfstitution could be made, chemical caqa t ib i l i ty  of the intermediate 
f luid would be markedly improved both w i t h  respect t o  the fuel and the 
s t em and these hazards would be lessened. 

Thus same of the 

More detailed design comparisons will be necessary t o  evaluate this  
boiler system. 
detailed consequences must be analyzed and fair cost comparisons W e .  

Although the changes suggested above are plausible, the 

12.2. Alternate Fuels 

The substitution of for  in  the molten fluoride reactors 
would result in substantial improvement i n  performance. 
a superior fuel i n  almost every respect. The fission cross section in  
the intermediate range of neutron energies i s  greater than the fission 
cross sections of $35 and pu239. a u s ,  i n i t i a l  inventories are less, 
and less additional fuel is required t o  over-ride poisons. 
n-7 cross section is  substantially less, and the radiative capture 
results in the inrmediate formation of a f e r t i l e  isotope, I?*. The rate 
of accumulation of 3% is orders of magnitude maUer tha;n with 
fuel, and the buildup of Np2” and Pu239 is  negligible. 

Uranium-233 i s  

Also, the 

i 
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1 )  

rnlbbaxy and incomplete results fram a parrunetric study of re- 
actors fueled with 

case in which the core diaaeter was 8 f t  and the wncentmttion of Wk 
was 1,O'nole $, the in i t ia l  criticdl. mass waa found t o  be only 87 kg of 
833, the hventory for  a 6 0 % ~ ~  system was only 1% kg, the regeneration 
ra t io  was 0.91, and the long-term performance was gbod. In  another 8-ft- 
dia core system with 0075 mole $ w4 in the fuel salt, the initidl. in- 
ventory was 129 kg, and the conversion mbio was 0.82, Af'ter operation 
fo r  one year at a load factor of 0.8 asd w i t h  no reprocessing of the core 
t o  remove fission products, the inventory rose of 1% kg, and the regen- 
eration rat io  fe l l  tto 0.71, 
hold the concentration of fission products constant was started af'ter 1 
yeax'of operation, the inventory increased slowly up t o  wly 247 kg. 
,aftex 19 yeam and the regeneration ratio rose slightly t o  0.73. 
speaking, the cr i t ica l  inventories required for  the 

requirements are a b u t  half. 

are given in part 4, Sec. 1.2. In a typical 

However, i f  the reprocessing required to  

Roughly 
systems are 

about one-thtrd thosg for  the corresponding I? 35 systems, and the bum- 

The above described case is  not optimized for  SubstaStial 
using hi&er concentrations of thorium 

. ,  
im,prwement can be bbt 

aad correctly matching the diameter and processing rates. 

has appreciable solubility i n  mixtures ' m3 .~ As discussed in Part 2 
of LAP and BF2. 
trp t o  0.2 mole $ safely. This is mre than 
having diameters in the r a g e  from 6 t o  10 
A typical 8-ft-dia core would have a cr i t i c  
mole $ PuF and a regeneration ratio (IliF4 in the blanket) of about 0.35. 
The meet of accumulation of fission products and on the cr i t ica l  
concentration and the effect o f  rare e products on the solu- 
b U t y  of W3 remain t o  be tietennine appear probable, hawever, 
%hat a molten fluoride plutoxxtun burner having unlimited bumup asd 

exhib&iPg substast regeneration blanket i s  technically feasible. 

It should be possible t o  maintain concentrations of 
for clean systems 

rim in the core. 
ntration of 0,013 

3 

a 73 - 



PART 2 

l a  CBOICE OF FaEL C-ITION 

The search for  a liquid for  use at high tempratures and low pres- 
sures in a fluid-fueled reactor led t o  the choice of either fluoriaes 
or chlorides because of the requirements of' mdiation stabil i ty aud solu- 
b i l i t y  of appreciable quantities of uraazim and thorim, !I& Chloritks 
(based on the CL37 isotope) are mst suitable for  f q t  reactor use, but 
the low thennal-neutron gibsorption cross section of fluorine makes the 
fluorides seem t o  be a uniquely desirable choice for & hi@-temperature 
fluid-fueled reactor i n  the thermal- or egithermal-neutron region. 

1.1, Choice of Active Fluoride 

pound, and it is obviously unsuitable as a copnpOnent of a liquid for  w e  

at high teqperatures. 
is a strong oxidant that would be very difficult t o  contain. Rhorl&s 
of pentadent  uranium (W5, UZF9$ etc.) me not thermally stable' andd 
would be prohibitively strong oxidants even If they could be stabilized 
in solution. 
is stable even at temperatures above ~ o o o ~ C ~ ~ ~ ~  howevero it is not so 

stable in  molten fluoride sol~tions,~ It dispmprtionatee appreciably 
in such media by the reaction, 

Urasium Fluoride. UraSitBlahexaflaaoride is a highly volatile cow 

!Be ooqpound U02F2, a i c h  i r s  relatively nowsUtile, 

thxuxLua trifluoride, wkbeai pure and under an inert atmsptiere, 

4 w3+3 up& 4. vo 0 

'J. J. Kat2 and E. Rabhowitch, The Chemistry of zh.asium, IQmEdj-VIIIhS, 

'Ibid. 
McGraw-B[ill, 19510 

'J. J. Kat2 and E. Rabhowitch, The Chemistry of zh.asium, IQmEdj-VIIIhS, 
McGraw-B[ill, 19510 

'Ibid. 
3C. J. Ba;rton, W. Co Whitley, E, E. Ketchen, La Go Overholser, and 

4See peactor Handbook, in press~ material submitted by Bo He ClaJlapitt, 

. W. R, Grimes, Frepaxation and Properties of I J F ~ ~  
faboratory (wbblished) . 
S, Langer, and F. Fa Blankenship, Oak Ridge National Ubxatory, 

Ria* National 

_-- -- (J 
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at texkperatures below 8CC°C. Small amounts of UF3 are pemissible in 
the presence of relatively la@e ,concentrqti~xL~.W UFk and may.be bene- 
ficial insofa;r as cozTrosion is concerned, Et U. neces.Sazy, however,, to 
use UF4asthemajorurmiferous compoundinthe fuel, 

Iphorign Flporide. All Uw normal cs of’ thoriuin we qua&-i- 

v&lent3 accordingly, any use of thorium in ni6ltgn fluoride melts must 
be as !LIiF4. 

1.2. choice of FW!g Di&mlts .\ 

The flumi&e oom@s$t&onsthatwillbedis~ssedhe*are limited 
to those whkh have a low vapor pressure at 70&! and w&33 have a melting Y‘.-- ( 
point no higher thm 55O'C. AJ.so, there is.Wttle interest in uranium .'. 

'concentrations hi&r thm a f& per cent for the fuel of thermal r&%ors, 
andthereforemixtureswithhigh~4 contentwillbe onittedfromthis 
aiscussion. 

Cf the pure fluori*s Of molten4slt z7qktim Interest, only ReFi 
meets the melting po+t mgair@mtt, and it ti‘too viscous for use in 
the pure state. Thus the fluorides of titererc;% me ternary or quatermry 
mixtures containing U$ or ThF4. For the fuel,. the relatively small '. 
amounts of UF4 requ+re& make the conutspon~g.bi.~r,.~~~. 
of the diluents nearly controlling with regard to physical properties ; 
such as the melting point. Cnlythe sJJsal$*etal fluorideandthe fluo- * 
rides of beryllium and zirconium have been given serious attent&& Lead 
and bismuth fluorides, which might othetise ,be u@ful because of their 
low neutron absorption, have been elimix&@ because they ace readily ' 
reducedto themetallic state-by structur&metals such asironsnd 
chromium. *' 

; 



KF 850 

TEMPERATURE I N  O C  

P a  PERlTECTlC 
E= EUTECTIC 

UNCLASSIF IED 
ORNL-LR-DWG 28633 

UF4 4035 

L i F  8 4 5  
E - 4 9 0  

Fig. 2.1. The System KF-LiF-UF,. 
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UF4 1035 

UNCLASSIFIED 
ORNL-LR-OWG 28634 

A 
RbF.6UF4 kioo04 - 

TEMPERATURE IN O C  

P =  PERITECTIC 
E =  EUTECTIC 

77 

LiF 
845 



UNCLASSIFIED 
ORNL-LR-DWG. 1199 

NaF 

KF " LiF 
454%' 492OC 

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).1 
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%e binary system'kF-BeF2 shows melting points below 50O0C over 
the concen-kmtion range from 33 t o  80 mole 4& BF2. The I&F-EeF2 system 
dlagrau shown in Fig, 2.6 differs substmtia3ly from previously published 
dit%==. 6,7 It is characterized by a single eutestic between BeF2 and 
2UF.BeF2 that freezes at 356'C and contains 52 mole $ BeF2. The cam- . 

is fonned by the! reaction of solid BeF2 cand solid 2LiFoBeF2 beluw 274'C. 
TIE diagrazn of Fig. 2.7 reveals that melting temperatures below 5 0 0 ~ ~  

pound 2LIF.BeF2 =Its incongruently t o  U F  l i q ~ d  at 460°C~ LiF*BeFZ 

over wide composition ranges in &e -component 

F2 system ( a g o  2.8) is s 
lack of a low-srelting eute 

system is responsible for  melting po woc being ,, 

e m a l  h the NaF- analler concent 
Bf?Fg=IJF4 System (Mg. 209) than in' Its LIF-BeF2mUF4, C0Unt-o 

The four-copnpoaent system LiF-NaF-BeF2-UF4 has not beep completely 
It is obvious, however, from exmlna~lon of Fig. 2 , l O  that, 
solvent IAF-Nal?d3eF2 offers a dde! mie ty  of low-melting 

ccrmpositions; it has been established that considerable quastities (up. 
t o  at least  10 mole &) of up4 can be tolerated in m;any of these solvent 
c%m.positions without elemt 

systems ~ ~ i n i n g  

of the me l t iggp  

A dawan of the 

system, which is based solely on themnal data,ir: shown in =go 2.U. . 

Reeent studies Is the 50 t o  100 W3I.e $ LIF conceotmtion range have 

, 

, 

. 
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Fig. 2.7. The System LiF-BeF,-UF,. 

84 



UNCLASSIFIED 

900 

800 

700 

400 

300 

200 
NaF 10 20 30 40 50 60 70 80 90 BeF, 

BeF, ( mole %) 

Fig. 2.8. The System NaF-BeF2. 



MOUNDLAB. NO. 
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ALL TEMPERATURES ARE IN OC 

E = EUTECTIC 

P = PERlTECTlC 
= PRIMARY PHASE .FIELD 

Fig. 2.9. The System NaF-BeF,-UF,. 
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OOTTEO LINES REPRESENT 
INCOMPLETELY DEFINED 
PHASE BOUNDARIES AND 
ALKEMADE LINES 

UNCLASSIFIED 
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ALL TEMPERATURES ARE IN "C 

THE SYMBOL TC REPRESENTS 
A COMPOUND WHOSE EXACT 
COMPOSITION HAS NOT 
BEEN DETERMINED 
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Fig. 2.10. The System LiF-NaF-BeF,. 
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Fig. 2.11. The System LiF-BeF,-ThF,. 
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Fig. 2.12. The System LiF-BeF,-ThF, in the Concentration Range 50 to 100 Mole % LiF. 
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w 
the phase di-m (fig. 2 , U )  in which the upper limits of ThF4 concen- 
tration are obtained in the composition: 

75 moie $ LiF-l6 mole $ ~ h ~ ~ - 9  mole Q B ” F ~  
69.5 mole ’$ L3F-21 mole $ !l?hF4-9.5 mole $ BeF2 
68 mole $ LiF=22 mole $ !t?hF4-10 mole s& BeF2 

Systems Containing and I@&, The LiF43eF2-UF4 and the-LiF-BeF2- 
‘phF4 ternary systems &re very simllas; the two eutectics In the L1F-BeF2- 
ThF4 system are at temperatures and cormpositions virtually identicat with 

those s h m  by the W4-bea;ring system. The very great similari%y of these 
two t e e  systems and preliminary examination of the LiF1BeF2+&0IJF4 
quaternary system suggests that fractional replacement of UF4 by fPhFlc 
w i l l  have little effect on the freezing temperature over the caaaposition 
range of interest as reactor’fuel. 

S y s t w  Containing PuF3. The behavior of plutoniuxa fluorides in 

, 

en fluoride mixtures-basJ,r@oeived consldemb 88 stt@y. 4 .“ Plutonium 
ride w i l l  probably prove very soluble, a uF4 end =4, 

In suitable fluoride-salt di lwnts ,  but is l i k e l y  t o  prove too strone 
an Oxidant to be c0saPe;tibl.e with presently available structural e?ibY6. 
The trifluoride of plutonium dissolves ko the extent of 0.25 t o  0.45 
mole Q in L ~ F - B ~ F ~  mixtures containing 25 t o  50 mole Q B ~ F ~ .  There is 
reason t o  believe that such coaoentrations are in excem of those required 
t o  fuel 8 h i @ - t ~ ~ t ~  p1ut-a b-er ( sw peuct, 4) 0 

’Since ccomnerciel fluofides a m b l e  that have a ~ Q W  concentra- 
tion of the usual nuclear poisons, the purification process i S  designed 
t o  minimiree corrosion and t o  ensure the r e ~ ~ ~ v a l  of  oxide^, oxyfkmrides, 
and sulfur, rather than t o  impmve the neutron econexmy, 

‘and are subsequently. stored in se&d nickel containers under as atmos- 
phere of helium. 

!&e fltmri8es 
purified by high-teqperature treatnen% w i t h  anhydrous HF and €$ grtses, 

- 9 0 -  
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2.1. Purification gq%lQSlent 
A schematic diagram of the purification and storage vessels used 

for prepmation of the ARE fuel is shown in ,Mg. 2.13, The reaction 

i vessel, in which the chemical processing is acco@ished, and the re- 
ceiver vessel, into which the purified mixture is ultimately tre,nsfeiTed, 
are vertical cylindricaJ. containers of A-nickel. The top of-the reactor 
vessel is pierced by a charging port which is capped well above the heated 
zone by a Teflon-gasketed flange. !Ehe tops of both the receiver and the 
reaction vessels are pierced by short risers which terminate in Smgelok 
fittings, t&rough which gas lines, themowells, &XL, can be introduced. 
A transfer line terminates near the bottom of the reactor vessel asd near 
t$e top:of’$he receiver; e&q of,this tube ig @feeted through oopper- 
$asketed flanges on l-i+-m*:tubes which pier&:the tops"of both vessels. 
This transfer line contains a filter. of mic xxxkMUic sintered&zkel 4. . r .A. .-, 
and a sat&& which'collects a specimen of liquid during transfer. Through 

_ 
one of the risers in the receiver a tube extends to the redeiver bottom; ," 
this tube,~+hich is sealedat&3ide the vessel, serves as the means for .. 
4+3++%& 0i"'the purifiei ldxt&'tG other equi~nt; 

i - 
* 

'Phis assesibly is c*ected to'amauifold,thmugh which'He, I$, HF, 
: ,, .' 

or vacuum can be su@.ied~to either vessel. I@ a '&mb&&ion of'large I. 1; 

r‘ 

tube furnaces, resistance heaters,-and lagging, sections of the apparatus 
cant brought +e~de&lyto controlledtexgx&tures inexcess of 
SOO°C, 

2.2. "'l ~Purification Prooessing 
1 

!I?he raw materials, .&I batches of proper eosaposition, are blended . 
and cha;rged-into the -a&ion vessel. !I!he material iatilted aud heated 
to 700°C wider 831 atmosphere of adydrous HF to zrcimove H$ hth a minimum 
of hydrolysis. The HF is replaced islth 5 for a period of lhr, durir$ 
which the bmperature is'zaised to 8oo°C, to reduce U T+ snd P to u 
(in thei case of simulated fuel&tu~%?s), sulfur ccnrrpounds to So-, and 
extre+eous&dauts(Fet3* ,p ,for exsz@.e) to lower valence states. !i?he 

,hydrogen, as well as a31 subsequer;'c reagent gases, is fed at a rate of 

w. - 91 - 
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Fig. 2.13. Diagram of Purification and Storage System. 
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i 
'lid .' 

shout 3 Uters/min to the react%on vessel through the receiver.snd transfer 

i 

i 

. 

line, axI, accoz'din@y,~ itbubbles trp throq& the molten charSe; !xhe 
hydyenis thex~z-eplace&byadtryilroue EF,which serve8, duringato 
j-hrperiod'&t8000C,tovolatillee H2Sa&3ECls,udto convert oxides 
and oxyfluorides of urs&um and ekyconium to tetrafluorides at the ezqense 
of dissolution of considerable ELF2 into the melt -tbrou& reaction of HF 
with t&e' container. A fi.uaI24-to jochr~treaQnentat800°c~~~s~- 
fices to~rcduce this ID2 as& the contained FeF2 to insoluble metals. 

, _', At the conclusi~of~~ication~a~ta~ressure of helium 
- '. above the salt in the reactor vessel is used to force the melt through 

thet~er~ew2thitsfilterand~&rin~the receiver. The 
metallic iron snd nickel kre left in the reactor vessel or on the sintered 
nickel filter; The pur+fie& melt is petitted to free& under an.atmos,- 
khere of helium in the receiver vessel. 

The melting points, &at cagacities, snd equations for density an& 
viscosity of a,zxuge of kolten mWxres of possible interest as reactor 
fuels are presented in TWle 2.1, snd thermal-conductivity values are. 
given in'%!abZe 2.2. 

, - 

i 

LJ 

Thelxqperaturesa3Mve~chtihematerialsare coqpietely tithe 
liquid state were &eterWned in &ase equilibrium studies, Themeth& . 
used inclUaed (1) the%al WxsJysis, (2) &ifferenti&l-thermal anaJ.ysis, : L 
(j) Qaenchlng fv high+qper&ure ec@.lbritmi states; (4) visual obsek 
vation of themelting prc6cess, 63~4 (5) phase sepergtion by filtration 
at high temgerat~s;' Me asurements of density were ma&e by weighing, 
w~lUauaualytic;albalan ,ce, apluamnet-suspenbd in the molten mixture- 
lSat&&pies, heats of fusion, s&. heat csgackties we% determined from : 
mea&rements~of heat liberated when samples ti capules of Mi or Inconel 
were' drtsppeet, &cm varh@ tcqpemtuxes lx& calozvih&ers; both ice silo- 
Ameters end large c-r-block calorimeters were used. Measurements 

- 93 - 
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'. Table 2.1. Melting Poigts, Heat Capacities 8-M Ecpstio& for Denait~~md . ," 
Ammx3ity of Typica mlten~~uoriBes . 

_' a : . . . 
Liqyid Density * Melting 

Viscosit 

aamposition . point 
., b?ole $1 (92) c . 

A, eqT (")( ==-f;,, 

. x 10 -5 . 

0,118 36i4 LIF-BeF2 To5, ,2.l6 
(6%3x) 

iJt%3e~~*Q 464 . 2.38 
367-30.5-2.5) 

&-BeF2 - 350 . 2.46 
(50x9) 

40 0.65 

‘40 o*57 

7.5 

8.4 ‘. 

o.gl8g 6174 40 0.67 

37 w-72 

.2%2 

32.8 

2.50 43. 0.46 10.5 

a*4 .* 93 0.28 510 3*79 o*opp. 4368 
.; 

0.0981 3895 
LI' 

520 : 3.93 93 0.26 

73. om45. 

f3*5 

454 

338 

2.53 o*om, 4170' 

0.0338 4738 41 ; 0.59 2.22 

6‘ ‘Y’ t . L L’ I 
C’ Y- 
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Table 2.2. !L%ermri Condtmtivityof Typical Eh&ideBfixt~s 

Y=zi" In0 

LiF-N&F-~ (h6.5~ll. 5-42) 

LiF-NaF-KF-&,+ (h&.5-10.+3e5-1.1) 

NaF-ZrF4-UF4 (5&46-t) 

NMrF&;IB" (53.5-40&6,5] 

N3F‘-BeF2 (n-43) 

N+KF-EF4~(46. $26-27.5) 
: - 

Thezmal Conductivity 
..ft*"p 

Solid Zisuid 

2.7 . 2.6 

2,o 203 

0.5 103 
1.2 

2.4 

a.5 



of the viscosities of the molten salts were made w i t h  the use of a capil- br 
lary efflux a m t u s  asd a modified BKJokfield rotating-cylinder device; 
agreement between the measwemmts made by the two methods indicated that 
the numbers obtained were wtthin 320% of the true values. 

I?lenaaJ, conductivities of the molten mixtures were measured in an 
appasatus similar t o  that described by Lucks and Deem,8 in wbich the 
heating plate i s  movable so that the thickness of the Uquid qecimen 
can be varied. The uncert;ljlinty in these values is probably less than 
=5$.   he variation of the the& conductivity of a molten flporide 
salt w i t h  temperature is relatively m a l l ,  
fluoride mixtures were measured by use of a steady-state technique in 
which heat was passed through a solid slab. 

zlle conductivities Or solid 

me vapor pressures of PUF (ref. 9)' U F ~  (ref. IO), and vh are 
. 

Of' the fluoride mixtures likely t o  be of %bterest 

3 
negligibly Smau at taperatures that me likely t o  be practical f o r  
reactor operations. 
as diluents for high-temperature reactor fuels, only AlF B?F2 (ref. 
11), and ZrFk (refs. 32, 13, 14) have amreciable vapor pressures below 

3' 

7o06c. 

5 

'C. F. Lucks and H. W. Dwm, A p p a r a t u s  fo r  h%amxc&g the Thermal 
Conductivity of Liquid at Elevated Temp ratures; Thennwl Conduc.t;ivity of 
Fused NaOH t o  60O0c, Freprint No. 56SA31, her ican Soc. of Mech; Eag.' 
Meeting, ,June 1956. 

9G. 1. Seaborg and J. J. Katz, The Actinide Elements, National Nuclear 
Energy Series IV-lhA, McGraw-Hill OO., Inc., New York (1954). 

Vol. 2, Engineering, TX3AEC-3646 (1955). 
'OW. R. GrUes, D. R. Cuneo, and F. F. Blankenship, Reactor Hasdbook, 

%bid .  

=KO A. Sense, MI J. Snyder, and R. Bo Filbert, Jr,, "The Vapor Pressure 
of !Zirconium Fluoride," 8. jphys, &a,, & 995 (1954); 

m o v e r )  p e r s o d  comunication. 
Mssertation Insti tut  fur Anorganische & d e ,  Technische Hochschule, 
Hamover (19.b) . 

cher (Institut fk Anorgaaische Chde, Technicshe Hochschule, 
~ a t ~ l  for  equation talcen froon S. Wuter, 

14S. Cantor, R. F. Newton, W. R. Grbes, aud F. F. Blankenship, "Vapor 
mssures asd Derived Tbermodynaslic Information for the System H~F-ZJCF~,,~' 

-I-- 

- $ -  

/' 
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b!d 
Meammnents of total pressure in equilibrium with NaF&rF4-UFk 

: melts between 800 and 1000°C with the use of au amtus similar to that 
described by Rodebush and l&on l5 yielded the data shown in Table 2.3. 
Sense et al., I.6 

* who usedatrsnsportmethodto evaluate partialpressures 
in thezZrF4 system, obtained slightly different values for the vapor 
pressures and showed that the vapor phase above these.liquids is quite 
complex. The vapor-pressure values obtained from both investigations 
are k+ss than 2 mm Hg for the eqpimolar NaFd&?Fb mixt;ure at 7OO*C. How- 
ever, since the vapor is nearly pure ZrF&, and since tiFk does not melt 
under low pressures of its vapor, even this modest vapor pressure leads 
to engineering difficultiea~ eJ.l lines, equipment, and connections exposed 
to the vapor'must be protected from sublimed 2kFk "snow.*' 

Measurementsmadewiththe Rodebush appszatus have showhthatthe 
vapor pzmssure above liquids of apazxtgous coaqposition decreases with 

1 increasing size of the allmU c&ion. All these systems show large 
negative deviations from Raoult*s law, which are a consequence of the 

I large, positive, excess, pEwrtial.~molar entropies of solution of,Z%F4. 
This phenomenon has been interpreted qualitatively as sn effect of sub- 
stituting nonbridging fluoride ions for fluoride bridges between z%rconium 
ions as the allmli fluoride concentration is increased in the melt. 17 

Vaporpressure dataobtainedbythetmnsportmethodfor NaF-BeF2 
mixtures 18 are shown inTeble2.4,whichindicates thatthevaporpbases 
are' not pure BeF2. While pressures &boVe LiF&F2 must be expected to 

' W. Hi Rod&n@ and A,~ L. R&on, "The Vapor &ess~res of MetslSj -5 
A New Bsperimental. M+hod,-" FQm, Rev., Z2& 851 (1925). 

.I.6 --~ -.I? A. Sense, .C. ‘A, Alexander, R. E. Bowman 'aud R. B. Filbert, Jr., 
"Vapor Presmrre and Derived Information of the Sodium Fluoride-Zirconium 
Fluoride w&em. Description Oa.la'2@hod.for the IIzte4n3sl9tiion of Molecular 
Cmlexespresent %n the VQpo~~phase,~~~ J, phys. C&m., 6& 337~ (1957). 

17 I 
S. &t&or, Rr F. New&, W,.R, Grimes, snd F; F. BUUnghipj -"Vapor 

Fressures as8 Derived Thermodynamic Infoktion for the System F&F-zTF4," 
J..phys. .Ctmn., (!& 96 (1958): 

18' IL A. Sense, R. W; Stone, and R. B. Filbert, Jr., 

w 
Studies of the Sodium Fluoride-Beryllium 
raa;v 25 1957. 
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Table 2.3. Vawr Pressures of Fluoride MLx-tUrks,cbntaining,~~~ 

: . . 

loo ,?.792 ye171 

50 46 4 ~.000 7.551 -. 28. 

53 43 4 7-37 7.105 '. 21 

*Foi .&? equation log P (prm 3g) i A -(B/T), where T is in<%. : 

" ,. 

.- .~ . 
: 

: 
.: . . 
: 

e.'y8 -_ .; 1 
f 

* 
'. ;. '. 

: 

F 

. 
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* :Table 2.4. Vapor F'ressures of NC&F-EeF2 Mixtures* 
, 

composlti~n 923qperatG NBF Vapor Pressure Oonstarrts~ 
BBF2 Fag gg;- ' (mole $> Interval . -- NaF*BeF2 

.N@ - ,.-BeF2 ('0) ; ( A B. A B A B b-d -. 
. 

x lo4 x 10 4 xl0 4 . . 

'26 74' 785-977 . 10.43 1-w 9.77 1.206 1,6g "' . 

41 59 8ow@J 10.06 1.085 9J? 1.187 o,g& . .. 

50 50 796-996 9.52 .1.0?5- 9.82 l.g37 ~ ti41 
I 

60 "40 855~lo25 963% la667 g.080 l..lo63 .. 0.09 s.3 .- 
8 75 25 ,, ?57&1035.. 9.237 i.2175 .8.2' '1.12 0.02 

%omp~led f'rom data obtained by Sense et al, (ref'. 33). 
?'Or the equation log P (mm Hg) = A -(Bj%!)# Where T is in %. -- 

8 . 

8' 
+ . 



w 
be higher 
suggest that the ''snow" problem w i t h  BeF2 mixf;ureS is much less severe 
thas with ZrF4 melts. 

those shown for W-BeFZ mixtUres, the va;lues of Table 2.4 

* .  Physical proprty d u e s  indicate tihat the mnlten fluoride salt? 
am, in general, adequate heat transfer media. It is ap-nt, hawever, 
fwOn vapor pressure mxmmmentE3 and from spectrophotametric -tion 
of analogous chloride sys$ens that such melts have caqplex structws 
and are f&x from idea solutions, . .  

' 

4, RhDIATION STABILITY 

When fission of an active constitwant oocurs in a n1~1ten flu0rid.e 
solution, both electxwxuaguet3.c radiations and particles of very high 
energy arid intensity originate within the fluid, 

a consequence of rapid slowing down of fission fragments by the f luid 

is probably of l i t t l e  consequence in a reactor where the liquid is forced 
t o  f'lmturbulently and where ragid a& intimate mixing occurs. Mmeover, 
the bonding in such liquids is essentially cqpletely ionic. such a solu- 
tion, which has neither covalent bonds to sever nor a l a t t i ce  to disrupt, 

should be quite resistaat t o  dwnRge by particulate or eledt-etic 
radiation. 

f n d  overheating as' 

s 

@re than 100 exposures to =actor radiation of 
mixbums containing UF4 in capsules of Inconel have been c6 
these tests tibe fluid was not deliberately agitated. The pazer kvel 
of each t e s t  was fixed by eelecting the 
Themaal neutron fluxes hsve m d  fm lou t ~ ' ~ p O  14 neutamns/cza20sec 

and power levels have varied fram 80 t o  8OOO w/cm3, . The mps 
in  general, been exposed at 1500°F for 300 hr, €iJ.th- se7ieral tests 
have been conducted for 600 t o  800 hr. A l ist  & the makerials %bat have 

been studied is presented in  Table 2.5. Methods .of eXamination7of the . 
fuels a t e r  irradiation have included (1) freezing-point detenninatiozis, 

, 

content of the t e s t  mixt&. . 

(2) ch@ca;l. analysis, (3) examiaation with a shielded pet+graphic - .  

.w - 100 - 
. .  
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Table 2.5. Eaolten S a l t s  Which Have Been Studied - In mnplle capsula Tests 

. . .  

, 



microscope, (4) assay by mass spectrography, and (2) exanimtion by a 
’ gamma3rqy spectroscope, !Ehe condition of tihe container’ww cheqked with 

a shielded nretaunsgraph, 

No chmges in the fuel, csccept for  the.-cted bumq~ of have . 
’ 

been observed as a consequence of Irradiation, 

$ion iB coqpaxable t o  tsza’t found in unirraaiated control specimens (see 

‘to above 2W°F, grain &cow&h of the Inconel occwzred and c+orrosion t o  
a depth of 3.2 m i l s  was fouad. such increases in comrosion were almost 

cer tahly the result of the serious overheating rather than a consequence 
of the mdiaticm field, 

Corrosion of the lnconel 
Capsules t o  aepwl Of less than 4 mils in 300 hr WM f0~1id3 SU& COZTO- 

9 3). ~n capsules wbich e c r e d  accidental, excursions in texqperature 

!Pests have also been made in which the fissioning fuel is pmpd . .’ 

thrcm@ a system in whiah a themal gradient is mintaiwd in  the fluid. 

These tests included the Aircraft Reactor E3qxWnen$ (tlescfibed in 1) 
asd W e  t w s  of forced-clrculation bop tests, A large lcmp,”in which 
the putq was outside the reactor shield, wets operated in a horizontal 
beam hole of the LITR. A amaUer loop was aperated i n  a vertical posi- 
tion in the UTR la t t ice  with the pmp just outside the lattice. 
third loop was operated ccqpletely within a bean-hole of the We The 
opemting conditians for these three loops twe given in Table 2.6, 

The corrosion that occurxed in these loop tests, which were of short 
duration ELnd which m d e d  relative3y m a U  t q m t -  gradients, was 
t o  a deptb of less than 4 mils, and, as in %he capsule tests, was can- 

pwable to that found in slmiLar t es t s  o u t s i b  the mdlation field (see 
PaTt 3). Therefore, it is concludad that, within the obvious limitations 
of the experience up t o  the present time, there is a0 effect of ,  radiation 
on the fuel and nr, acceleration of corrosion by the radiation field. 
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Table 2.6. Descriptions of Dzconel ~rae&~x~tula.tion LOOPS 
operate4 in the LI"pR as8 the m 

Fuel Reynolds number 

operating tw, hr 
Time at fu1 puwer, hr 

2.8 10 

Is0 7.3 
wo 3600 

53.540.6.5 

800 

20 

5 

155 

5Ooo 
467 
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5. B3HAVIQR OF FISSION mOWCTS 61 
When fission of an active meeal QCCUTS in a molten solution of its - 

fluoride, the fission fragments must originate in energy states and ioni- 
zation levels very far from those n o m  encountered. These f-nts, 
however, quickly lose energy'through collisions in the melt and came t o  
equilibrium as common chemicd entities. The valence states which they 
ult2mately assume are determined by the necessity for  cation-anion equi- 
valence in the m e l t  and the requizwent that rebx  equilibrium be estab- 
lished among ccmponents of the -1% a d  constituents of the metallic con- 

tainer. 

I 

G 

. .  

Structural metals such as Incanel in contact with amo1ten;fluoride 
solution are not stable t o  Fz, UF , or UF6. It isdlear, therefore, that 
when fission of uraniwn as UF4 takes place, the ult-te equilibriummast 
be such that four cation equimLats ase furnished z;O satisf'y the fluo- 
ride ions released. Thermochemioal data, f k  which the stabil i ty of 

5 

fission-product fluorides in canpiex dilute solution could be predicted, 
are lacking in many cases. No precise definition of the valence state 
of a l l  fission-product fluorides can be given; it is, accordingly, not 
certain whether the fission process results i n  oxidation of the container 
metal as a conseQuence o f  depositing the more noble fission products in, 
the metallic state. 

5.1. Fission Products of Well-Defined Valence 

only as elements. 
47 mle $),19 NaFWcrF4-UF4 (50-46-4 mole $),? axid LiF-NaF-KF (&!5-ll0~- I 

k mole 4)  obey Henry's law,  increase w i t h  .hcreasZng tenrper&ttzre, decrease 

The Noble Gases. The fission products krypton and xenon can exist' 
The solubilities of the noble gases i n  NaF-ZrF4 (53- 

I 

* 

with increasing atomic wekght of the solute, and vary appreciably w i t h  

c q o s i t i o n  of the solute. The Henry's l a w  constaSts and the heats of 
solution for the noble gases in the NaF-ZrF4 and LiF-BaF-KP &&res are 

given in -%le 2.7. 
appears t o  be about 3 x lo4 m1es/em34atm. 

., 

The solubility of krypton i n  the hTaF-ZrF4 mixture 

19W. R. Grimes,  R. V. Smith, and Go M. Watson, "Solubility.of Noble 
Gslses i n  mlten Fluorides, I. In Mixtures of Nm-ZrFk (53-47 *le 5)  
a d  NaF-WF44JF4 (56-46-4. mle $),I' J. phys . aema (In press). 
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Table 2.7. Solubilities at 600% and Heats of Solution for Noble 
' 

Gases in Molten Fluoride Mixtures 

Solution Solution 
GELS - f (kcal/mole) f (kc&l/mole) 

-8 x 10 -8 x 10 

Helium 2i.6 i 1 6.2 11.3 f 0.7 0.0 

Neon u , 3  t 0.3 7.8 4.k f 0*2 8.9 

Are;on 5.1 * 0.15 0.2 

Xenon 1,* t 0.2 ll.1 
1 

3t. Henry's la;w constast in moles of gas per cubic centimeter of solvent 
-per atnosphere, 

. 

* 
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The positive heat of solution ensures that blanketing or sparging 
of the fuel w i t h  helium or argon ia a lw-teqer@ture region of the 
reactor cannot lead t o  difficulty due t o  decreased solubility ayld bubble 
formation i n  higher teqperature regions of the. system. Sknall-sNe in- 
pile tests have revealed that, as these solubility da2;a suggest, xepon 

at low concentration is retained in a stagnant m e l t  but is readily removed 
b Y  helium. a small fraction of the sptfcipated 
xenon poisoning was obsemred during operation of the aircra9t Reactor 
m r i n e n t ,  even though the system contained no special appasatus for  
xenon r e m o ~ a l . ~ ~  It seem certain that -on asti xenon isotopes of 
reasonable half-life cafl be readily removed from a,l l  practical molten- 
s a l t  reactors. 

Elements of G r o q p s  I-A, 11-A, 111-B, and IV-Bo The fission products 
Rb, (3, Sr, Ea, Zr, Y, and the laathasides form very stable fluorides; 
they should, accordingly, exist i n  the molten fluoride fuel in  their 
ordinary valence states. 
W i n e  earth fluorides c&~1 be dissolved in  LIF-NaFIKF, LfIk3eF2'. or  
NaF-ZrFh mixtures at 6oOo~. The solubilities at 600°C of YF3 and of 
selected rare earth fluorides in NaF-zrF1) (53-47 mole $) and LIF-BeF2 
(65-35 mole $) are s h m  in Table 2,80 
increases about 0.5$PC and increases slightly w i t h  increasing atomic 
number in the lanthanide series; the saturating phase is the simple tri- 
fluoride. For solutions containing more than one earth t h e  PTimary 

phase is a solid solwtion of the rare earth. triflwrides; the rettio of 
rare earth cations in the molten solution is virtuaUy identical w i t h  
the ratio in the precipitated solid solution, Quite high burnups would 
be required before a molten fluoride rrtactor could saturate its fuel Gth 
any of these fission products. 

High concentrations of ZrFc and the alkali and 

For these materials the solubility 

"E. S, Tjettis, W. B. C o t t r e l l ,  E. Ro Mesn, J. Lo bera, and GI Do 
whitman, "The AircWt Reactor BSperiment - Operation,'' Nut, Sci,. and 
E%*, 2 2 841 (1957). 
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' ‘pa;ble 2.8. Solubility Crp YF~ and~of $cme,mre &wth Fl&ldes '. 
: : m..~~~~an~in~F~~F2at6000c. : 

mj . ;‘.’ 3.6 

-3 . . . 2.1 

C&F3 2.3 0.48 ” 

=3 2.5 

c 

b 

i 

u 

.  :  ‘. 
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5.2. 

and I must depend strongly on the oxidation potential &fined by the con- 
tainer and the fluoride melt ,  and the states are not at present well Be- 

fined. The sparse thermodhemiwl data suggest that if they were in We 

pure state the fluorides of Ge, As, Nb, Mo, Ru, Rh, W, Ag, Cd, Sn, slnd 

Sb would be reduced t o  the corresponding meta3. by the chrontium in Inconel. 
While fluorides of stme of these elements m y  be stabilized in dilute 
molten SolutLon in the mlt, it is possible that none of' this group exists 
as caqpuuds in the equilibrim mixture. An a;pprecisble, and probEtbly 
large, fraction of the niobium and ruthenium produced in %he Aircraft 
Reactor Bcperinent was deposited in or on the LnconelwaUs of the f lu id  
circuit; a detectable, but; probably Qnau, fraction of %he ruthenIan was 
voati l ized,  presumb~ as RUF 

Mssipn Products of UncerCain Valence 
%e valence states asswned by the nonmetall$c elements Se, Te, Br, 

' 

* I  

;. 
' 

froxu the lhselt.  5.' 
. 5.3. Oxidizing Nature of the Fission Process 

%e fission of UF4 would Hela more equivalents of cation than of 
asion if the noble gas isotopes of half-life greater thaxl 10 rniri were 
lost  and if all other elements formed fluorides of their lowest'f.eport;ed 

vrzlence state. 
tain cation-mion equivalence by reduction of fluorides of the most noble 
fission products t o  m e a  anti perhaps by reduction of some V'M. to I?+. 

Only about, 3.2 cation equivalents result, however, if all the elements 
of uncertah valence state listed above deposit as mtalsj since the 

anions released total at least 4, the deficiency must be eillevlate& by 
oxidation of the container. The evidence f m  the AircmaSt ReaO'tor . - . 
experiment, the in-pile loops, and the in-pile chtpsules has not shown 

the fission process t o  cause serious oxidation of the container; it is 
possible that these expriments burned too l i t t l e  uranium t o  yield s i p  

S. 

ould be overcaw by deliberate and occasional adcution ' 

If this -'re the case the system wuuld9 presurma;bly, re- 

- .  

If fission of W4 i s  shown t o  be oxLdizlng, the detri- 

t o  misate a smaU and stable concentration of" soluble of a reducing 
UF in  the fue r 

3 I 

- 108 - 
! 

. .  
. .  

. .  . .  , 

(ri 

. 

. '  1 . .  .. 
', 

. .  

: . 

- .  



PART 3 

CORSTRUCTIONWW E~RMOLTE~WAIITREWTORS 

1. SURVEYOFSUITARLgMATRRIAIS 

A molten-salt reactor system requires structural materials which will 
resist corrosion by the salts, &i evaluation tests of various materials 
in fluoride,sslt 'mixtures have indicated that nickel-base alloys are, in 
general, superior to other commercial sJ.loys for the containment of these 
salts uader dynamic flow conditions. In order to select the alloy best 
suited to this application, & extensive progrsm of corrosion tests was 
c&ried out on the available, commercial, nickel-base alloys, perticularly; 
Inconel, which typifies the chromic-containing alloys, and Rastelloy 8, 
which is representative of the molybdenum-containing alloys. 

Alloys containing appreoiable quantities of chmnium exe attacked 
by molten skits mainly by the removal of chromium from hot-leg sections 
through reaction with'UF4, if present, and with other oxidizing Wpurities 
in the salt: The removal of chroxium is accompanied by the formation of . . 
subsurface voids in the metal. The depth of void fomation depe#s st~gly ,. 
on the operating imperatuxes of the system &nd on the composition of the 
EmAt .lnixture. 

Oithe.other hand Rkstelloy 13, -ip which the chromiw~'is replaced wi-@ 
molybdentm~shows excellent c~ti~ility with fluoride sslts~even at t$rn- 
peratukes~iu mmess- of 1600°.F, .Ukfor&anately, Rastelloy B csmxotYbe-tked 
as a stru&xralm&erial. in high-t&per&are systems because of its agei 
hardenlng~~che3&teristi~s 6&t&0& &d&ion resistance. .j : 

., d 
The information~gained in the testiug of Rastelloy B am% Inconel led 

to;t;he develo@ex$,of & &oy, desi@.ted INOR-8,,which eonibines the 
better~~properties of both sJ.loys for molten~salt reactor constmktion. 
The qpr&i@k~coqpotiit~o~ of the thxee'alloys, Incon&, Rastelloy B, 
andIROR$,'ke given in Table 3.1*' 

-,,;'I- 



Table 3.1. Coqpositions of Po~entisJ. gtructursl Wterisls 

Components 
Quantity in Alloy (wt $) 

Inconel IN?R-8 HastelloyB 

Chromium 14-17 

Iron. ‘6-10 

Molybdenum' 

Manganese lb=) 

Carbon. '. 0.15 b=4 

silicon 0.5 (max) 

Sulfur 0.01 (max) 

Copper 0.5 (=) 

Cob&t 

Nickel 72 (&I 

6-0 

5 (==! . 
15-16 

0.8 (raax) 
0.04-0.08 

0.35 b4 
OIOl (Illalc) 

0.35 b=) 
0.2 (nlax) 

Balance 

.26-30 

1.0 (max' 

0*05 (=4 

1.0 (max) 

0*03 (-> 

2,5 b=) 
Balance 



IMOR-8 has excellent.corrosion sesistence to molten fluoride &,lts 
rat t~r&tiureS considerably above those expected in molten-salt h&or 
setice; father, no measurable alAa.& has been obaemd l&as far@ 
tests at rewtor operating twmtures of 1200 to 13OOoP. The mechanical 
properties of INOR- at operating teqperatures'a superior to thqse..of 
masy-sts,lnless steels and em virtw unaffected by long$Ame ~sure 
to, S&&6, Themteritd is ettic~\?r5llly stab+e ir'the op&&ugteqeraa 
ture range, and the oktdation~r&e is less than 2 mils in 100,000 hr 
No di?fic&y Is encountked In fabricating standard ahsrpes when the 
c~~cisil prgtices eistabllshed for rhkel-base alloys are used., Tubing, 
plates, bars, forgings, aad~ceskngs ofINOR-8 have been mad& successful&+ 
by,severaL R&r metal nauuftituring ccwzphlsies, and some of these companies 
bre prepared to m&y it on a comerxtlal basis0 Weldlug procehrea have 
been establish&d, and & goo&history of~reliability of welds exists. 
ThemterkLhasbeenfouudtgbe easilywelilablewithrodof the 8ane .. 
coqposition; 

Inconel. is, of eours43, 8i1 aliernate cihoif2e for the pr*-circuit 



.’ FinaJlyj a survey has been made of materials suitable for be@&& 
and valve seatsj,n molten'seJ.ts; Cermets, ceraWcs,aud refract&y metals 
appear.to be psmidngford&is apllcation and are presently'lW.ng Irk 

'vestigated.' : I. 
_ 

e. CORROStiN OF~~lf’IMHrBAsE ALLOYS BY MOL'iZN SKIES 

2.i.. Ap@argtus Used for corrosi& Tests 
t 

: 'Uickel4q&e alloys have be&i exposed to f&owing molten salts -ti.'both 
thermal-co~~ectA.on ‘&oops,.yM in loops~ containing juiqs $or.-forced .circq-. 

lqtion of *e salts. $!he themal&xvection 1ooRs a&desi@ed,as shags.. 
h Fig. j,l. When the bott& +d,e adjacent side of @e.loap are heated, , 
usus3Ay'with clezn&teXL heaters,-,co&ectlon f'orces in the cqzrtalqed flu$d 
establki flow rates of‘qp to 8 ft/min, depending-,on the te&erature difc 
ference between the heated and'tmheated portions.of,the loop. !& forced- 
circulation loops are designed as shown in Fig, 3.2, Heat 4s amlied to 
the tit leg of this t@ of loop by direct reslstauce heat& of the 
tubiag, .: *_I 

km-e tcape~tuk differences f& to m*F) are obtaiued by air 
cooling of %he cold leg.. Reydolds numbers of up to 10,000 are attainable :, 
with 1/2L&.-fD tubing, &d some&at hl&er values',can be o$tained ytth 
smaller tubingr . ., 2 
'2,2. Me(2liad.m of.corrosion ' 

Mostof'the data on corrosion have been obtained with Incon& and 
the theory ‘& the corrosiVe misha&m ins worked '&&'.for this a&y. -8' 

' I::. 
The corrosion of IMQF+~ o&m& to a lesser degree but'fol.&ws &,patte+ ., ..; . 
simiW"~o that observed~&&konel and presu&&ly the &me theory r. 
a&lies.' 

~-, .- 

!Phe formation of subsurface voids is knitiated by the oxidation of '. 
chro%ium s3ong exposed surfaces through oxidation+xduction reactions . 

-. I. . 
with iqpurities of constituents of.the 2nolten fluoride salt mixture. i 
As'the su2face is deplM&d In r2immiti, 'chromium'fsam the intertor-dif- : 
fuses down the concentration gradient toward the surface. Since,Wfusion 
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Fig. 3.2. Diagram of Forced-Circulation Loop for Corrosion Testing. 
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occurs by a vacanuy process and, in this particular situation .is essen- 
tially monodirectional, it is possible to build,up an excess nmber of 
vacancies in the metal. These precipitate in areas of disregistry, pr+- 
cip8Uy at grain boundaries and impurities, tu form voids.' These voids 
tend to agglomerate and gxowin size with increasing time end temperature. 
Examinations have demonstrated that the subsurface voids are not inter- 
connected with each other or w&h the surface. Voids of the seme type 
have been found in fhconel after high-temperature oxidation‘tests and 
high+teqperature veumutn tests In which chrcmium was selectively removed. 

!L!he selective removal of chromium by a fluoride salt mixture depends 
on various chemical reactions, for example: 

1, @purities in the melt, 
FeF2 + Cr +CrF2+ Fe 0)’ 

2. Qxide films on the metal surface, 

"Fe203 + 3crF4+ 3Cr02 + 4FeF3 

3.. Oonstituents of the fuel, 

(2) * 

.'C!r+2UF +2UF 4 3 
+CrF2 (31 

The ferric fluoride formed by the reaction of Eq. 2 dissolves in the melt 
;and fu&her attacks the chromium by the reaction of Eq. 1, 

The time dependence of void formation in Inconel, as observed both 
'in thermal-convect&on and forced-circulation systems, indice~tes that the 
attach is ~itially~q&te r&id but that it-then decreases'until a straight- 
line relationship exists-between &pth &f-void f&nation and the.- This 
effect cm-be &l&ed inter& of the corrosion'reactions discussed 
‘above. -The-.in~~i~::rapid-.at~ckfouna forboth types.of- loiqs stems from 
t&~.reactiG'of -M&'k*~impurities in the &lt (r&Gtlons 1 m&2) 
&d witkthe.~I3 conf+j.tu&$afth& SE& (rea&idn 3) tq .estabiish a qxlasi- 
equilibrii;m'amour&of pig I.$ theSsalt. ;Ai.tfii@ poixit at$+&oceeds 1 
li+xr~~tith t&k and~ioccur~ by a-mass karisf~r mechasi,sm which, &lthou@h 
it arises from a different cause, is Similar to t&k pheti*noqof teqper&m.w 
gradient mass transfer observed in liquid metal corrosion. 



- 
In molten-fluoride salt systems, the driving force for mass transfer 

is a result of a tempemture dependence of the equilibrium constant for  
the reaction between chromium and UF4 (Eq, 3)* 
considered inert diluents for chrcrmium in Inconel, the process can be 
simply described. 
UF4, UF , and CrF2 is maintained throughout the fluid; the concentrations 
must satisfy the equilibrium constant: 

If nickel and iron are 

Under rapid circulation, a uniform concentration of 

li 
3 

. I  u 

where N represents the mole fraction and 7 the activity coefficient of 
the indicated component. 

,-- 

Under these steady-state conditions, there exists a temperatup, 

at which the initial composition of the structura,l metal. is at equilibrium 
with the fused salt. 
the chromium concentration in the alloy surface is W i s h e d  at 
tures higher than T and is  augmented at temperatures lower than T. 
some melts, NaF-LIF-KF-ztF4, for  example, the equilibrium constant of 
reaction 3 changes sufficiently w i t h  tesrperature mder extreme tempra- 
t w e  conditions t o  cause precipitation of pure chromium crystals in the 
cold zone. 
dependence of the corrosion equilibrium is m a l l ,  and the equilibrium is 
satisfied at all useful temperatures without the formation of crystalline 
chromium. 
salt stream at cold-leg regions is dependent on the rate at which chmmium 
can diffuse in to  the cold-leg wall. 

tends t o  be amall, or if  the bulk of the cold-leg surface is held at a 
relatively low temperature, the corrosion rate in such systems is almost 

negligible 

5 T, intermediate between the maximum and minimum temperature of the loop, - 

Since % increases with increasing teqperature, 
s 

In 

In other melts, for  example, IVaF-zrFljcUF4, the temperature 

In the l a t t e r  systems the rate of chroanium removal from the 

If the chroxnium concentration gradient 
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It is obvious that addition of the equilibrium concentrations of 
UF5 and f3F2 to molten fluorides prior to circulation in Inconel equip- 
mentwouldminimize the initialremovalof chromiumfromthe alloyby 
reaction (3). (It would not, of course, affect the mass transfer process 
which arises as a consequence of the temperaturedependence of this re- 
action.) Deliberate additions of these materials have not been practiced 
in routine corrosion tests because (1) the effect at the uranium concen- 
trations normally employed is small, and (2)'the experimental and analytical 
difficulties are considerable. Addition of more than the equilibrium 
quantity of UF3 may lead to deposition'of some urs#zm metal in the equ%p- 
ment wells through the reaction 

4uF4+ 3uFpJ" (5) 

For ult$mate use in reactor systems, however, it msy be possible to treat 
the fueltiterial with calculated quantities of metallic chromium to pro- 
vide the proper UJ? * 3. 

aud.CkF2 concentrations at startup. 
'" 

According to the theory described above, there' should be no great 

: 
I 

i I 
j:. 

. difference in the corrosion found in thermal-convection loops and in 
forced-circulation loops. The data are in general agreement with this 
conclusion as long as the ssme msximum metal-salt interface temperature 

: 

: 1 
7: 

is present in both types of loop. The results of many tests with both 
types of loop are summarized in Table 3e2 without distinguishing between 
thetwotypes of loop. Themsximumbulktemperature of the salt as it 
left the heated section of the loop is given. It is known that the actual 
metal-s&t interfacettmperature was not greatex than1pO'F in the loops 
witharzM.mum salt temperature of 1250°F andwasbetween1600&nd1650°F 
-for &loop with a msximum‘salt temperature of 15OO'F. 

: 
T$e data in Table 3.2-h grouped by types~~of base salt, because. 

the salt has a definite effec$ on the measured attack of Inconel at 15OO'F. 

i The salb3 theit conta.in BeI&- somewhat more corrosive than those con- 
t&i&gaF snd the pretientie of L&F, except ti combination with NaF, ~43 ~ .t 
seems'to.ritccelerate corrosion. 
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!Table 3.2. Summary of Corrosion Data Obtained i n  Thermal-Convection 

and Forced-Circulation Uop Tests of Inconel and INOR-8 
Exposed t o  Various Circulating Sa l t  Mixtures 

Depth of Subsurface 
Maximum Salt Time of Void Formation a t  

Constituents of UF4 o r  ThF4 LOOP Temperature Operation Hottest Part of Loop 
Base Salts Content Material (OF) (hr) (in.  1 

NaF- ZrF4 

NaF-BeF2 

UF-BeF2 

NaF-EF-BeF2 

NaF-UF-KF 

T3F 

NaF-BeF2 

1 mole 4 U F ~  

1 mole 4 U F ~  

4 mole 4 U F ~  

4 mole $ U F ~  
4 mole $ U F ~  

0 

1 mole $ w4 

3 mole 4 U F ~  

1 mole $ U F ~  

1 mole $ U F ~  

3 mole Q U F ~  

1 mole $ U F ~  

0 

0 

0 

3 mole Q U F ~  

0 

2.5 mole $ UF4 

0 

2.5 mole $ UF4 

29 mole $ ThF4 

7 mole $ ThF4 

Incone 1 

Inconel 

Inconel 

Incone 1 

INOR-8 
Inconel 

Incone 1 

Inconel 

Inconel 

INOR-8 

Inconel 

Inconel 

INOR-8 

Inconel 

Inconel 

Inconel 

Inconel 

Inconel 

INOR-8 
INOR-8 

Inc one 1 

INOR-8 

1250 

1270 

1250 

1500 

1500 

1500 

1250 

1500 

1500 

1250 

1250 

1500 
1250 

1125 

1500 

1500 

1125 

1500 

1250 

1500 

1250 

1250 

1000 

6300 
1000 

1000 

1000 

1000 

1000 

500 
1000 

1000 

500 

500 

1000 

500 

1340 
1000 

1000 

1000 

L O  .001 

0-0.0025 

o .007-0 .oio 
0.002-0.003 

o .002-0.003 

0.002 

0.001 
0 d + - O  -010 

0.008-0.014 

0 00075 

0.001-0.002 

0.012-0 .ox) 
0 

0.002 

0.003-0.005 

c.008-0.013 

0.001 

0.017 

o .ooi-o .003 

0-0.0015 

0 

0 
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A t  the tempmature of interest in molten-salt reactors, that is, 
l@O0F, %he same trend of relative corrosiveness of the different salts 
may exist for Inconel, but the low rates of attack observed In tes ts  pre- 
clude a conclusive decision on this point. Similar ly ,  if there is any 
preferential effect of the base salts on INOR-8, the smaU anounts of 
attack tend t o  hide it. 

As expected from the theory, the corrosion depends sharply on the 
UFb concentration. Studies of the nuclear properties of molten-salt 
power reactors have indicsted (see part; 4) that the UF4 content of the 
fuel will usudlly be less than 1 mole $, and therefore the corrosiveness 
of salts with higher UF4 concentrations, such as those described in 

Table 3.2, w i l l  be avoided. 

The &reme effect of t q e r a t u r e  is  also clearly indicated i n  

Table 3.2. 
at 15OOoF than at l25OoF. 
micrographs presented in Figs. 3.3 asld 3.4, which offer a campasison of 
mtaUogt.aphic specimens of Inconel that were exposed t o  similar salts 
of the I?&F-ZrF4-UF4 system at l50O0F and at 1250°F. A metallographic 
specimen of Inconel that was exposed at 1250°F t o  the salt proposed for 
fueling of the molten-salt power reactor is shown in f ig .  3.5. 

In general, the corrosion rates a;re three t o  six tines higher 

"his effect is further enrphasized in the photo- 

!l?he effect of sodium on the structural materials of interest has 
also been extensively studied, since sodium is proposed for  use as the 
intermediate heat transfer medium. Corrosion problems inherent in the 
ut i l imtion of sodium for  b a t  transfer purposes do not involve BO much 
the deterioration of meted. surfaces as the tendency for  conlponents 

the container material t o  be transported froan hot t o  cold regions and 
sitedmaterial in the cold region. As in the case 

mixture, the mass transfer in sodium- 

containing systems i s  extremely dependent on the maximMl system operating . The results rous tes ts  indicate that the nickel-base 
isf actory containers for  sodium 8s Bconeland 

, 



Fig. 3.3. Hot-Leg Section from an lnconel Thermal-Convection Loop Which Circulated 
the Fuel Mixture NaF-ZrF4-UF4 (50-46-4 mole %) for 1000 hr at 150OOF. 

. 

f 



U 

f 

Fig. 3.4. Hot-Leg Section of lnconel Thermal-Convection Loop Which Circulated the 
Fuel Mixture NaF-ZrF4-UF4 (55, le %) for 1000 hr at 1 ZO°F. 
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Fig. 3.5. Hot-Leg Section of lnconel Thermal-Convection Loop Which Circulated the Fuel 
Mixture LiF-BeF2-UF4 (62-37-1 mole %) for lo00 hr at 125OOF. 
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at temperatures below 13OO'F and that above 13OO'F the austenitic stain- 
less steels are preferable. 

3. FAERICATION OF INOR- 

$1. Casting 
Normal melting procedures, such as induction or electric furnace 

melting, are suitable for preparing INOR-8. Specialized techniques, such 
as melting uuder vacuum or consumable~electrode melting, have also been 
used without difficulty. Since the major alloying constituents do not 
have high vapor pressures aud are relatively inert;, melting losses are 
negligible, and thus the specified chemical composition ~89 be obtained 
through the use of staudard melting techniques. Preliminary studies in- 
dicate that intricately shawd components can be cast from this katerial. 

1 . 

! / I . 
! 

? i 

I 

3.2. 3ot lm@3lg. 

The tempwature range of forgeability of INOR- is l800 to 2@O°F. 

This wide rauge pennits operations such as qer aud press forging with 
a minimum number of reheats between passes and substautial reductions 
without cracking. The production of hollow shells for the manufacture 
of tubing has been accomplished by extruding Porged and dxi.lled,billets 
at 2150°F with glass as a lubricant. Successful extrusions have been 
made on commercial presses at extrusion katios of up to 14:l. Forging, 

* 

recoveries of' up to $IO$ of the Ingot weight have been reported by one recoveries of' up -to j?O$ of the Ingot weight have been reported by one 
vendor; ~. vendor; ~. -. -. ,. ._ ,. ._ 

&ld *m&g -. ,.----.- I~ : ; ~ : &ld *m&g -. ,.----.- I~ : ; ~ : 

& the ful&annealed co@dition, the ductility.of the alloy rsqes & the ful&annealed co@dition, the ductility.of the alloy rsqes 
bet&en-4@&d:50$ elongat$oq~fo~~a k-k gage &q$h; bet&en-4@&d:50$ elongat$oq~fo~~a k-k gage &q$h; Thus, cold-forming Thus, cold-forming 
~opeiv&kvas~-such is tube red&&, rokng, and wire drawing, c&n be ~opeiv&kvas~-such is tube red&&, rokng, and wire drawing, c&n be 
acoox@lished~%ithnomal~ production &hFdules. acoox@lished~%ithnomal~ production &hFdules. The effects of bold fom- The effects of bold fom- 
ing on the ultimke tensile &er&h.yield strength, and elongation are ing on the ultimke tensile &er&h.yield strength, and elongation are 
&OWGQ +II it&; 3.6. &OWGQ +II it&; 3.6. 

: 
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u Forgeability studies have shown that variations in the c-bon con- 

tent have au effect on the cold formi&g of the alloy. Slight variations 
of other components, in general, have no significant effects. The solid 
solubility of carbon in the alloy is about O.Ol$ Carbon present in 
excess of this'aummt precipitates as discrete particles of (Ni, Mo)6C 
throughout the matrix; the particles dissolve sparingly even at the high 
annealing t~ratu3i-e of 2150~~. Thus, cold working of the alloy causes 
these particles to align In the direction of elongation, and if they are 
present In sufficient quantity, they form continuous stringers of c&bides. 
The lines of weakness caused by the stringers are sufficient to propagate 
longitudinal fractures in tubular products during fabrication. The upper 
limit of the carbon ,content for tubing is about O.lO$, aud for other pro- 
ducts it amars to be greater than 0.20$. The carbon content of the 
alloy is controllable to about 0.02$ in the range below O.lO$.' 

. 
$4,. Welding 

The parts of the reactor system are joined by welding, and there- 
fore the integrity of the system is in large measure dependent on the 
reliability of the welds. Wing the welding of thick sections, the 
material will be. subjected to a hi& degree of .restraint, aud consequentZly 
both the base metal and the weld metal tist not be susceptible to cracking, 
embrittlement, or other undesirable features. 

::, f Ektensive tests of weld specimens have been made. The circular- 1 
groove test, which accurately predicted the weldability of conventional 
materials-with known welding characteristics, was found to give reliable 
resul%s‘for rkkel~base alloys. In the circulak-groove test, 89 inert- 

-gas-shielded~tungsten-arc weld pass is made by fusion welding'(i.e., the 
weld met&. conta&ns.no filler metal) &I a Circular groove machined into 
aplate 0fthe'basemetaL The presence.or absake'of cracks in the weld 
metal-is then observed. Test, smrp$es of two heats .of INOR- alloys, to- 

. gether with saniples of fo& $hek,alloys for con@rison, are shown in 
$ig.~ 3.7. Asms&t$ seen the restraint of the weld metal caused complete 
circumf'erential ckking in &VOR-8heat828k,wh+h contiinedO.Ok$B, 

LJ - 125 p 
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Fig. 3.7. Circular-Groove Tests of Weld Metal Cracking. 
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whereas there are no cracksin INOR-8 heat 30-38, which differed from 
heat 8284 primarily in the absence of boron. TWO other INOR- heats 
that did not contain boron similarly did not crack when subjected to 
the circular-groove test. 

In order to further study the effect of boron in INOR- heats, 
several &lb vacuum-melted ingots with nominal boron contents of up to 
0.10% were prepsred, slotted, end welded as shown in Fig. 3.8. All 
ingots with 0.02s or more boron cracked in this test. 

. 

A procedure specification for the welding of INOR- tubing is 
available that is based on the results of these cracking tests and exemi- 
nations of numerous successful welds. The integrity of a joint, which 
is a measure of the quality of a weld, is determined through visual, 
radiographic, audmetallographic examinations and mechanical tests at 
room and service temperatures. It has been established through such 
exsminations and tests that sound joints can be made inINOR-8 tubing 
that contains less than O&2$ boron. 

. Weld test plates of the type shown in Fig. 3.9 have also been used 
for studying the mechanical properties of welded joints. Such test 
plates were side-bend tested in the apparatus illustrated in Fig. 3.10. 
The results of the tests, presented in Table 3.3, indicate excellent 
weld metal ductility. For example, the ductility of heat M-5 material 
is greater than 40% at temperatures up to end including 15OO'F. 

Welded and back-brazed tube-to-tube sheet joints are normally used 
in the fabrication of heat exchangers~ for molten salt service. The back 
brazing operationserves to k&&e the notch inherent in conventional 
tube-toetube shee6.joints, a& t&e braze material minimizes the possi- 
bility of Rakage througka weld failure that might be created by thermal 
stresses in service, - : '. 

--, 
: / I 

i - 
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Fig. 3.8. Weld in Slot of Vacuum-Melted Ingot. 

f 



Id
 

- 129 - 



UNCLASSIFIED 
ORNL-LR-DWb 18462 

HYDRAULIC CYLINDER, 

BEND FURNACE 
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Test 
Tempera 

( O F )  

Roam. , 

1200 

1300 

Table 3.3. Results of Side-Bend Tests of As-Welded INOR-8 and Inconel Samples 

> .  
s .. ! - 

e 

>90 

>90 

1/4. in. ($) 

>40 

> 40 

>k> 
>40 

>4r, 

3co 
, >40 

Filler Metal 
INOR-8 ( 

Bend Angle 
(deg) 

30 

15  

15 

?at SP-19) 
Elongation : 
1/4 in. (4 

2-40, 

> 40 

>40 

15 

8 

8 

* Bend angle recorcled is that at  which first crack appeared. 
Elongation recorded is that at outer fibre at  time first crack appea.red. 
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!Phe nickel-base brazing alloys l is ted in  Table 3.4 have been shown 
t o  be satisfactory i n  contact with the saltmixt;Ure LiF-KF-I?aF-q i n  
tes ts  conducted at l5W0F for 100 hr. M e r  two precious metal-base 
brazing alloys, 82$ Au-18$ N i  and 80$ Au-20$ Cu, were unattaclsea in the 
LiF-KF-NaF-UFk salt e t e r  2000 hr at 1200°F. These two precious metal 
alloys were also tested in the LiF-BeF2-UFk mixture and again were not 
attacked. 

3.6. Nondestructive Testing 
An ultrasonic inspection technique is avaiuble for the detection 

af' $lam in plate, piping, and tubing, The water-immersed pulse-echo , 

ultrasound eqtfignnent has been adapted to  high-speed use. Eddy current, 
dye penetrant, and radiographic inspection methods are also used as 
required. 
stainless steel, INOR-8, and the Eastelloy and other nickel-molybdenum- 

base alloys. 

% . 

B e  inspected materials have included Inconel, austenitic 

Methods are being developed for  the nondestructive testing of weld- 
ments during in i t i a l  construction and after replacement by remote mews 
in  a highdintensity radiation field, such as that which will be present 
if maintenance work is required after operation of a molten-salt reactor. 
Th6 ultrasonic technique agpears t o  be best suited t o  semi-automatic and 
ranote operation, and it will probably be the least  affected by radiation 
qf' any of the applicable methods. Studies have indicatedthat the dif- 
ficult ies encountered in  the ultrasonic inspection of Inconel welds and 
welds of same of the austenitic stainless steels because the weld struc- 

'tures have hi& ultrasonic attenuation are not present in the inspection 

m e t a l  are of the same camposf- 

' 

' I  
i' / of INOR-8 welds. 

i 
The high ultrasonic attenuation is not present in  IIVOR-8 

welds because the base metal and the 
tion. The mechanical equipment desi for the mmte  welding operation 
will be useful for  the inspection operation, 

*- 

In the routine inspection of reactor-grade construction materials, 
a tube, pipe, plate, or rod is rejected if' a void is detected that is 
larger than 5$ of the thickness of the part being inspected. In the 
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Table 3.4. NickelmBse Brazing Al loys for Use in  Heat 
Exchanger Fabrication 

Comgonents 
Brazing A l l o y  Content ( w t  8 )  

AUOY 52 A l l o y  91 A l l o y  93 

Nickel 91.2 91.3 93.3 

Silicon u 4.5 3.5 
Boron 

Iron and 
Carbon 

I 2.9 

Balance 

2.9 

Balance 

:5. ..9 

Balance 

. .  

^. 



ipsPection of a weld, the integrity of the weld must be better than 95$ cj 
of that of the base metal. mica3 rejecrtion m%es f o r  Inconel and 
INOR-8 are given below: 

I 

I tem 
Tubing 
aipe 
PLate 
Rod 
welds 

- Rejection Rate ($1 
I N O R d  - Inconel - 

17 
12 
8 
5 
14 

20 

14 
8 
5 
14 

The rejeceion rates for  INOR-8 are expected t o  decline as nore experience 
is gained i n  f'8briation. 

4.1. Elasticity 
A typical stress-strain curve for  INOR-8 at l2OO0F is shown in Mg. 

3.U. Data from similar curves obtained from tes t s  at room temperature 
IQ t o  1400'F axe sumwized in Fig. 3 0 2  t o  show changes i n  tensile 
strength, yield strength, and ductility as a function of temperature. 
The teqperature dependence of the Young*s modulus of this material is 
illustrated in Fig. 3.13. 

4.2,, Plasticity 

indicated that creep will be an important design cronsideration for  
reactors gperating i n  this teqperature range. 
the stress must be r e b e d  in  order t o  maintain a constast e las t ic  
strain at 1300°P is shown in Mg. 3.14, and similar data for  1200°F 
are presented in Mg, 3.15. The time lapse before the material 
becaanes plastic fs about 1 h r  at 1300°F and about 10 hr at 1200°Fo 
The time period during which the inaterial behaves elastically becomes 

A series of relaxation tests of INOR-8 at 1200 and 1300'F have 

Be rate at which 

much longer at luwer temperatures and below ~ ~ p g e  temperatures, as 

z 



Fig. 3.11. Stress-Strain Relationships for INOR-8 at 1200OF. 
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yet undetermined, the metal will continue t o  behave elastically indefi- 

nitely. 

It is possible to  swmvlrize the creep data by ccqparing the times 
t o  l.o$ t o w  strain as a function of stress in the data shm in Fig. 
3.G. %e reproducibility of creep data for this material is indicated 
by the separate curves shown in Fig. 3.17. 
good correlatiion between the creep curves i s  obtained at the lower stress 

Itm be seen that quite 

values. 
which corresponds t o  the 0.2$ offset yield strength at this temperatme. 
Such scatter is t o  be expected at this high stress level, 

Some scatter intime t o  rupture occurs at 25,OOO psi, a stress 

me tensile strengths of several metais are conpared w i t h  the tensile 
strength of INOR-8 at 1300°F in the following tabulation, and fhe creep 
pr0peri;ies of the several ~SLOYS at L O $  strain 85e cclnnpased in Mg. 3.18: 

Eaaterial - Tensile Strength at 
130eF (psi) 

16-8 stainless steel  40 
W-MO steel  (55 e) 20,000 

Hastelloy B 70,000 
Hastelloy C 100,000 

IN OR-^ 659OOO 
Inconel 60,000 

The t e s t  results indicate that the elastic asd plastic strengths of 
IN OR^ are neas the top of the range of strength properties of the several 
alloys cosmnonly considered for high-teqperature use. Since INOR-8 was 

designed to  avoid the defects inherent in these o a e r  metals, it is ap- 
pasent -that the undesirable aspects have been elininatedwithout any 
serious loss in strength. 

4.3. Aging Characteristics 

Nuwms secondary W e s  that are cqpable of embrittllng a nickel- 
base U o y  can exist i n  thEt Ni-Mo-Cr-&-C systam, bub no brit t le phase 
exists Ff the al loy  contains less than 20% Mo, 8s h, and 5$ Fee q~rn-8~ 

c 
. 

- 

I 
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which contains only 15 t o  185 Mn, consists principally of. two phases: G . -  

*e nickel-rich solid solution and a c q l e x  caxbide with the approximate 
conpsition (Ni, kt3)gCO stutiiei of the effect of ttre carbides on creep 
strength have sham that the highest strcmgt;h exists when a continuous 

. 

network of carbides surrounds the grains. 

preclpitation does not cause significant embrittlaent at temperatures 
up t o  1480°F. Aging for  500 hr  at various t e ra tures ,  as sham i n  Fig. 
3.19, Smproves the tensile properties of the alloy. 
perties at man tenperature, as ahown in Table 3.51 are virtually unaf- 
fected by aglng. 

4.4, Zhenaal Conductivity and CoeXficient of Linear Thennal EKpss sion 

expansion are? given in Tables 3.6 and 3.7. 

Tests have s h a m  that carbide 

The tensile ppo- 

VeClues of the thermal conductivity and coefficient of linear theryl 

5.  OXmATION RESISTANCE 

The oxidation resistance of nickel-moubdenum alloys depends on the 
I 

service teqpkrature, the tqperature cycle, the molybdenum content, and 
the chromium content. 
alloy passes through a maxinnxn for  the alloy containing 15% Mo, and the 
scale famed by the oxidation is NIMOO4 and NiO. vpon thermal cycling 
from above 1400°F t o  below 6 6 0 ' ~ ~  the NIMoO4 undergoes a phase transformEG 
tion which causes the protective scale on the oxidized metal t o  spall.  

Stibsequent temperature cycles then result in an accelerated oxidation 
rate. 
ing chrmium passes through a maximum for  alloys containing between 2 

and 6$ e. 
cycling and the molybdenum content because the oxide scale is preaaminantly 

stable Cr20,. An abrupt decrease, by a factor of about 40, in  the oxida- 

The oxidation rate of the biag;rry nickel-molybdenum 

Similarly, the oxidation rate of nickel-molybdenum alloys contain- 

Alloys containing more than 6s  ctr are insensitive t o  t h e m  

- 
, tion rate at l8OOWF is observed when the chromium content is increased 

fram 5.9 t o  6.2%. 
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Table 3*5* Results of Room-Teqperature Embrlttlement Tests of INOR-8 

I 

nnealed and aged 500 hr 

led and aged 500 hr 

led and aged 500 hr _ .  

Ultimate Tensile 
Strength (psi)  

U4, 400 

u2,ooo 

112,600 

ll2,oOo 

Yield Point at 
0,2$ Offset (psi) 

44,700 

42,500 

4 O O o  

44,700 

44,500 

43,wo 

Elongatic 
2 

50 

53 

51 

.. 51 

49 

50 

* 0.045-in. sheet, annealed 1 hr at  2100% and tested at a strain 
rate of 0.05 in./min. 
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212 

392 

572 

752 
% 

933 

6077 
u.16 
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Table 3.7 CoefTIclent o f  Lineas  ExpiansFon sf INOR-8 f o r  SeveraJ. 
!ik?mperrtture Rang3;es 

' 

70 - 400 
70 - 600 
70 - 800 

70 - io00 

70 - 1800 
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!!?he oxidation resistance of'INOR-8 is excel&&, and continuous 
operation at temperatures trp to l806'F is feasible. fntermittent use 
at temperatures as high at 19OOoF could be tolerated. For temperatures 
up to 1200°F, the oxidation rate is not measurable it is essentially 
nonexistent after 1000 hr of exposure in static air. It is estimated 
that oxidation of 0,OOlto 0.002 in. would occur in 100,000 hr of opera? 
tion at 1200°F. The effect of tenperature on the oxidation'rate of the 
SJJOY is &OWII in Tab& 3.8. 

6. F~IWIONOFADWIEXTURINGHEATEXCRAN~ 

. 

. 

'l'he coqpatibilit yof INOR- and sodiumis adequate intheteqma- 
ture range presently contemplated for molten-salt reactor heat exchanger. I. 
o*ration. At higher temperatures, mass'trausfer could become a,problem, 
and therefore the fabrication of dqlex tubing has been investigated. 
Satisfactory duplex tubing has been made that consists. of Inaonel clad 
with type 3l6 stainless.steel, and mqponents for a duplex heat exchanger' 
hme .been fabricated, as shown in Fig. 3.20. 

The fabrication of duplex tubing is accoqplished by coextrusion of 
billets of the two rtuoys. Thehighteqperature audpressure used result 
in the fomation of a m&XLlurgical~ bond beWeen the two alloys. In 
subsequent reduction steps the bonded comgosie behaves as one material. 
The ratios of,the alloys that com@se the coqposite are controllable to 
within 3s. The unifomity &t&d bond integrity obtained in this process 
are illust~ka in Fig. 3.2i; 

The prohleln -of weld&ng U1JOR*18-stainless steel duplex tubing is 
being studied. Prperiments have indicated that proper selectiofi of alloy 
ratios and weld design'will #w%ure wklds that will be satisfactory in 
high-teiqperature ~serivce. 1 

morderto dete&iuewhethe~%nterdiffusi~ of thealloys ma 
result ina continuous brittle 

7 
at the interface, te@tk were zriade 

in the temperatureetige of 1300 to l&Q"F. As qpected, 8 new phase 
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Fig. 3.20. Components of a Duplex Heat Exchanger Fabricated of lnconel Clad with Type 
316 Stainless Steel. 
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Fig. 3.21. Duplex Tubing Consisting of lnconel Over Type 316 Stainless Steel, Etchant: 
glyceria regia. 
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appeared at the interface between IN OR-^ and the stainless steel. which 
increase& in depth along the grain boundaries with increases i n  the ten- 
perature. The interface of a duplex sheet held at 1W0F for 500 hr is 
shm in Fig. 3.22. Tests of this sheet showed an ultimate tensile 
strengbh of 94,400 psi, a 0.2% offset yield strength o f  36,800 psi, and 
an elongation of 5148. 
resulted i n  an increase in the creep resistance with no significant loss 
of ductility. 

Creep tes ts  of the sheet showed that the diffusion 

Ilhus, no major diffiwlties would be expected in the construction ' 

of an IMOR&--stainless steel  heat exchanger. 
thus far has involved only the 20-tube heat exchanger shown i n  Fig. 3.20. 

The construction. experience 

7. ,AVAILABILITY OF IIVOR-~ 

'pwo production heats of INOR-8 of 10,OOO l b  each and numerow smaller 
heats of up t o  5000 l b  have been melted and fabricated into various shapes 
by normal production methods. 
has shown themtcwhve propertles similar t o  those of the labomtory.heats 
prepared for  material selection. 
i n  one t o  six months, and the'costs range from $2.00 per pound in ingot 
form t o  $10.00 per pound for cold-drawn welding wire. 
plate, asd bar pi.oducts depend t o  a large extent on the specifications 

of the fiaished products. 

Evaluation of these commercial products 

Purchase orders are f i l l ed  by the vendors 

The costs of tubing, 

r-3 

8. CCQJIPATIBILITY OF QIApHI!E Wl3E MOLTEN SAYrsi 
AM, NIC(KEEBASE ALLOYS 

graphite could be used as a moderator in direct contact with a 

Problems that mi&% restrict  We 
possible reactions of graphite and the 

salt, it would make possible a molten-salt reactor wit4 a breeding 
ess of one (see Part 4). 
this approa 
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I n t e r f a c e  
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Fig. 3.22. Unstressed and Stressed Specimens of INOR-8 Clad with Type 316 
Stainless Steel After 500 hr at 13OOOF. Etchant: electrolytic H2S04 (2%solution). 
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fuel salt, penetration of the pores of the graphite by the fuel, and 
carburization of the niekel~alloy container. 

Many molten fluoride salts have been melted and handled in graphite 
crucibles, and in these short-term uses, the graphite is inert to the 
salt. Tests at temperatures up to 18OO'F with the ternary salt mixture 
M&F-~F~-UF~ gave no indication of the decomposition of the fluoride and 
no gas evolution so long as the graphite was free from a silicon impurity. 

Mnger-time tests of graphite immersed in fluoride salts have shown 
greater indications of penetration of,the graphite by salts, and it muat 
be assumedthatthe stitwilleventuaJ.lypenetrate the available pores. 
in the graphite. The "iqpermeahle" grades of graphite available experi- 
mentally show greater reduced penetration snd a sample of high-density, 
bonded, natural grqhite (De Gussa) showed very little penetration. 
Although quantitative figures are not available, it is likely that the 
extent of penetration of "impermeable" gra@ite grades can be tolerated. 

Although these penetration tests showed no visible effects of attack 
of the graphite by the salt, analyses of the salt for carbon showed that 
at 15OO'F more than l$ csrbon msy be picked'up in 100 hr. The carbon 
pickup appeara to be sensitive to temperature, however, inasmuch as osly 
0,025$ carbon was found & the salt after a lO$O&r'ex&ure at 13OO'F. 

In aome instances coatings have been found on the graphite after 
exposure to the salt in Inconel 6ontainers, aa illustrated in Fig. 3.23. 
A cross section through the aoating is shown in]". 3.24. The coating 
was found-to be nearG pure chromium that waa preawnably transferred from 
the Inconel container. 

I 
-: 

-In the tests run thus far, no positive ind,ication has been'found 
of carburization of the nickel-alloy.containers exposed to molten salts 

: %-. ,and graphite at the temperatures at present contemplated for power reactors 
(C1300°F). !JYhe carburization effect seems to be quite tem&eture sen- ' 
sitive, -however, since test&%t 13WoF showed carburization of-Eastelloy B 
to a depth of 0.003 in. in 500 hr of exposure to-NaF'-ZrF44JF4 containing 
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Fig. 3.23. CCN Graphite (a) Before and (b) After Exposure for 1000 hr to NaF-ZrF4-UF4 
(50-46-4 mole %) at 1300'F as an Insert in the Hot Leg of a Thermal-Convection Loop. Nominal 
bulk density of graphite specimen: 1.9 g/cm3. 
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Fig. 3.24. Cross Sections of Samples Shown in Fig. 3.23. (a) Before exposure; (b) after 
exposure. Note the thin metallic film on the surface in (b). The black areas in (a) arepores, 
In (b) the pores are filled with salt. 
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graphite. 
in which the maximum bulk tenperatwe of the fluoride salt was 1 5 W 0 ~  
gave a maximum carburization depth of 0.05 in. i n  500 hr. 
hawever, the temperature of the metal-sdt interface where the carburi- 
zation occurred .was considerably higher than 15OO0F, probably about 
1650OF. 

A test of Inconel and graphite in a thermal-convection loop 

In th i s  case, 

A mixture of sodium and graphite is known t o  be a good carburizing 
agent, and tests with it have confinned the large effect of temperature 
on the carburization of both Inconel and IN OR-^, as shown i n  Table 3.9. 

Table 3.9. mfect  of Temperature on Carburization of ,, 

Inconel asd INOR-8 in 100 hr 

Temperature Depth of Carburization 
U O Y  (OF) (in. 1 

Inconel 1500 
1200 

. 0.009 

0 

IN OR-^ 0 . 010 
0 i 

M a n y  additionaJ. tests are being performed w i t h  a variety of molten fluo- 
ride salts t o  measure both penetration of the graphite and carburization 
of INOR-8. 
will be determined. 

The effects of cazburization on the mechanical properties 



Newly all metas, alloys, and hard-facing materials tend to undergo 
solid-phase bonding when held together under pressure in molten fluoride 

st&rtup of hydro 
the chance of opening a valve %hat has been closed for any length of 
time. Screeningt in a search for nonbonding materials that will 
stand up under the 
praising materials are Tic-Ni and WC-Co t ypw of cermets w i t h  nickel 
or cobalt contents of less than 35 wt 4, tungsten, and molybdenum. 
tests, in general, have been of less than loOO-hr duration, so the useful 
lives of these mtsterials have not yet been determined. 

salts at temr>er&tl.lres 1000°F, Such bonding tends t o  @e the 
Ina;s difficult or iqpossible, and it reduces 

en-salt environment have indicated that the most 

The 

10. SUMMARY OF MATERI4L PROBUMS 

Although much experimental work remains to be done before the con- 
struction of a comglete power reactor system can begin, it is apparent 
that considerable progress has been achieved in solving the material 
problems of the reactor core. A strong, stable, and corrosion-resistant 
alloy w$th good welding and fonning characteristics i s  available. Pro- 
duction techniques h v e  been developed, and the alloy has been produced 
in commercial quantities by several alloy vendors. 

al loy  OCCUTS when the molten salt it contains is in direct contact w i t h  

Mnally it appears 
at the peak operatlngtemperature, no serious effect on the 
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NUCLEAR ASPECTS OF MOLTEN-SALT IIFACTORS. I. ” ‘, 

The ability of certain,molten salts to dissolve uranium and tho.rium.salts 
in quantities of reactor'interest made possible the consideration of fluid-fueled 

1 (72 
reactors with thorium in the fuel, without the danger of nuclear accidents as & :' :; 
result of the settling of a slurry. This additional degree of freedom has been 
exploited in the.study of molten-salt reactors,. 

Mixtures of the fluorides of alkali metals and zirconium or beryllium, as 
I., : 

: a' 

discussed in Part 2, possess-the most desirable combination of low neutron 
absorption, high solubility of'uranium and thorium compounds, chemical inert- I 

ness at high temperatures,;~~d thermal and radiation stability. The following 
comparison of the capture 80s~ sections of the alkali metals reveals that Ii7 ' 
containing O.Ol$ IL 6 has a.cross section at 0.0795 ev and 1150'F that is'a 
factor of 4 lower than that of sodium, which also has a low cross section: i 

Element ' Cross Section (barns) i 

'hi7 (containing 0.01%~ U6) 0 -073 
sodium 'Q 0.290 
Potassium . 
Rubidium 

1.13 
0.401 

Cesium 29 
'.I 

The capture cross section of beryllium is also satisfactorily low at all 
.neutron energies, and therefore:mixtukes of UF and ReF2, which have satisfac- 
tory melting points, visckities, and solubilities for UF& and ThF4, were 
seleoted for investigation$n-the reactor physics study. 

Mixtures of NaF, ZrF4,“ .and UF4 were studied previously, and such a fuel 
was successfully used in the'kircraft Reactor Experiment (see Parts 1 and 2). 
Inconel was shown to be reasonably resistant to corrosion by this mixture at 

- 

1500°F, and there,is reason to expect that Inconel equipment would have a life 
of at least several years at 1200°F. As a fuel for a hentral-station power * 

reactor, however, the NaF-ZrF4 system has several serious disadvantages. The ..-- 
--‘.., id 

L I.60 * 

: 



7 sodium capture cross section is  less favorable than that of Id . More impcPrtant, , w  .. -- 
recent data' indicate that 'the capture cross section of zirconium i s  quite high 
i n  the epithermal and intermediate neutron energy ranges. 
the IF-BeF2 system, the NaF-ZrF4 system has fnferior heat transfer characteristics. 
Finally, the INOR alloys (see Part 3) show promise of being as resistant t o  the 
beryllium salts as t o  the zirconium salts, and therefore there i s  no compelling 
reason for selecting the NaF-ZrF4 system. 

2 3 Reactor calculations were performed by means of the Univac program Ocusol, 
a modification of the Eyewash program, and the Oracle program Sorghum. Ocusol 
i s  a 3l-group, multiregion, spherically symmetric, age-diffusion code. 
averaged cross sections for the various elements of interest  that w e r e  used wwe 

6 based on the latest available data. Where data were lacking, reasonable inter- 
polations based on resonance theory were made. The estimated cross sections . 

were made t o  agree w i t h  measured resonance integrals where available. Satura- 
tion and Doppler broadening of the resonances in thorium as a function of' con- 
centration were estimated. 
taken into acuount crudely by adjusting the value of 50 ; however, the Ocusol ' 

code does not provide for group skipping or anisotropy of scattering. 
Sorghum is a 31-group, two-regfm? zero-dimensional,, burnout code. 

group-diffision equations were integrated over the core t o  remove the spatial 

In comparison with 

4 5 

The gpoup- .- 

Inelastic scattering i n  thorium and fluorine was 

t 

The 

h c k l i n ,  R- L., "Neutron Activation Crbss Seekions I&& Sb-Be Neutmns", 
phys . Rev. 107, 504-8 (1957) . 
Mathematics . 



' I dependency. 
from group scatterin6 and leakage parameters taken f r o m  an Ocusol calculation. 
A c r i t i ca l  calculation requires about 1min on the Oracle; changes i n  concen- 
tration of 14 elements 
1 sec. The major ass 

The spectrum. was computed i n  terms of a space-averaged group flux, , 

specified time can then be computed i n  about 

i ' _  
lved is that the group scattering and leakage 

probabilities do not change appreciably with changes in  core composition as 
burnup progresses. 
of approximation. 

This asSumption has been verified t o  a satisfactory degree 

The molten salts may be used as homogeneous moderators o r  simply as fuel 
carriers i n  heterogeneous reactors. 
moderated heterogeneous reactors have certain potential advantages, their 

technical feasibi l i ty  depends upon the compatibility of fuel, graphite, and 
metal, which has n6t as yet been established. 
reactors, although inferior i n  nuclear performance, have been given greatest 
attention. 

Although, as discussed below, graphite- 
2 ,  

f 

For th i s  reason, the homogeneous 

I A preliminary study indicated that, i f  the integrity of the core vessel 1 

could be guaranteed, the nueear  economy of two-region reactors would probably --' 

be superior t o  that of bare And reflected one-region reactors. The two-region 
,\' ' . 

reactors were, accordingly, studied i n  detail.  Although entrance and exi t  con- 
ditions dictate other than a spherical shape, it w a s  necemary, for  the calcu- 
lations, t o  use a model com&ising the following concentric spherical regions: . 

(1) the core, (2) an INOR-8 core vessel 1/3 in. thick, (3) a blanket approxi- 
mately 2 f t  thick, and (4) an INOR-8 reactor vessel 2/3 in .  thick. 

of the core and the concentration of thorium i n  the core were selected as inde- 

pendent variables. 
tion of the f'uel ($ 35 , 
absorptions among the various atomic species in  the reactor. From these, the 

c r i t i c a l  mass, c r i t i ca l  inventory, regeneration ratio, burnup rate, etc., can 
be readily calculated, as described i n  the following section. 

The diameter' 

The pri& dependent variables were the c r i t i c a l  concentra- 
239) or  Pu , and the distribution of the neutron 

\ 

While the isotope would be akuperior fuel i n  molten fluoride salt 

reactors (see Section 2), it i 6  u n f o r t h t e l y  not available in quantity. Aay i - 

rea l i s t ic  appraisal of the immediate capabilities of these reactors must be 
based on the use of. 835. 1 

I - I52 - . 
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The studj of homogeneous reactors was divided into two phases: (1) the 
mapping of the nuclear characteristics of .the initial (i.e., "clean") states 
as a function of core diameter and thorium concentration; and (2) the,analysis 
of the-subsequent performance of selected initial states with various process- 
ing schemes and rates. The detailed results of these studies are given in the 
following paragraphs. Briefly, it was found that regeneration ratiosof up 
to 0.65 can be obtained with moderate investment in l?35 (less than 1000 kg) - 
and that;.if the fission products are moved (Section 1.2) at arate such that 
the equilibrium inventory is equal to one year's production, the regeneration. 
ratio can be maintained above 0.5 for at least 20 years. 

< 
1.1 Initial States 

A complete parametric study of molten fluoride salt reactors having 
diameters in the range of 4 to ld ft and thorium concentrations in the fuel 
ranging from 0 to 1 mole $ ThF4 was performed. In these reactors, the basic .-- 
fuel salt (fuel salt No. 1) was a mixture of 31mole $ BeF2 and 69 mole $I UF, * 
which.has a density of' about 2.0 g/cm3 at 115O'F. The core vessel was composed 
of INOR-8. <The blanket fluid (blanket salt No. 1) was a mixture of 25 mole $ 
ThF4 and 75 mole $ LiF, which has, a density of about 4.3 g/cm3 at 115OOF. In 
order to shorten the calculations in this series, the reactor vessel was neg- 
lected, since the resultant error was small. These reactors contained no fis- 
sion products or nonfissionable isotopes of uranium other than $3 8 . 

A summary of the &sults is presented in Table 4.1, in which the neutron 
balance is presented in terms of iieutrons absorbed in a given element per neu- 
tron absorbed in U235-(both by fission and the n-y reaction). The sum of the 
absorptions 'is therefore equal-to q, the number of neutrons,produced by fission 
per-neutron absorbed in fuel. Tsrther, the sum of the absorptions in v238 and 
thorium in the fuel-and inthorium in the blanket salt gives directly the re- 
generation ratio. The losses'to other elements are penalties imposed on the 
regeneration ratio by these poisons;.i.e.i j. if the core vessel could be con- 
structed'of some material with:a negligible cross section, the regeneration 
ratio could be increased by-the amount listed for capture in the core vessel. 

The,inventories in these &actors depend in part on the volume of the 
fuel in the pipes, pumps, and heatex&angersin,the external portion of the " 
fuel circuit. The inventories listed in Table 4.1 are for systems having a 

\ 
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T a l e  4.1. Initial-State Nuclear Characteristics of M-Region, Hmgeneous, 

Molten-nwride-salt Reactors Fueled with $35 

Fuel salt No. 1: 3 l  mole ’$ BeF2 + 69 mole $ LiF + UF4 + TU4 

Blanket salt No. 1: 25 mole ’$ ThF4 + 75 mole $ LiF 
Total power: 600 Mw (heat) 
m e -  fuel volume: 339 ft3 

Case number 1 2 3 4 5 6 

Core diameter, ft 4 5 5 5 5 5 
T ~ F  i n  fuel salt, mole $ 0 0 0.25 0-5 0.75 1 

$35 atom densi tp  33.8 U.3 20.1 25.6 300.0 33.3 
Cri t ical  mass, kg of 8’35 124 81.0 144 183 a 5  239 
Critical inventory, kg of 8’35 1380 501 891 JJ-30 1330 1480 

$3’ in Axel sat, mole 0.952 0.38 0.56l O.7a 0.845 0.938 

Neutron absorption ratios* 
$35 (fissions) 0.7023 0.7185 0.7004 0.6996 0.7015 0.7041 
$35 (n-7) 0.2977 0.283-5 0.2996 0.3004 0.2985 0.2959 
Be-Li-F in fuel salt 0.05% 0.08’i’l 0.0657 0.0604 0.0581 0.0568 
Core vessel 0.0560 0.0848 0.0577 0.0485 0.0436 0.0402 
Li-F in blanket S a l t  0.0128 0.0138 0.0108 0.0098 0.0093 O.Oog0 
Leakage 
u 2 9  in fuel salt 
Th i n  fuel salt 
Th in blanket salt 

Neutron yield, 

0.0229 0.0156 0.0147 0.0143 0.0141 0.0140 
0.0430 0.0426 0.0463 0.045l 0.0131 0.0412 

0.0832 0.1289 0.164 0.1873 
0.5448 0.5309 0.4g6 0.4ul 0.4031 0.302 
1.73 1.77 1.73 1.73 1.73 1-74 

Median fission energy, ev 2.70 15.7 105 158 2.70 425 

n-y capture-to-fission ratio, u 0.42 0.3 0.43 0.43 0.43 0.4203 
fissions, $ 0.052 6.2 0.87 0.22 0.87 0.040 

ziegeneration ra t io  0.59 0.57 0.58 0.60 0.6 0.62 

* Atoms ( x 10-19)/cm3. 
+% Neutrons absorbed per neutron absorbed in  $35. 
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Table 4.1 (continued) 

e 

Case number 7 8 9 10 11 

Core diameter, f% 6 6 6 6 6 
m4 i n  fuel s a t ,  mole $ 
$35. in fie1 salt, mole $ 
$35 atom d e n s i t e  

Critical mass, kg of $35 
Cri t ical  inventory, kg of $35 

Neutron absorption rat ios  * 
$35 (fissions) 
$35 (n-7) 
Be-Li-F in fiel salt 

0 0.25 0.5 
0.107 0.229 0.408 
3.80 8.13 14.5 

47.0 101 179 
188 404 7l6 

0.7771 0.7343 0.7082 
0.2229 0.2657 0.2918 
0.1981 0.1082 0.0770 

0.75 1 
0.552 0.662 

19.6 23.5 
243 291 
972 1160 

0.7000 0.7004 

0.0669 0.062 
0.3000 0.2996 

Core vessel 0.1353 0.0795 0.0542 0.0435 0.0388 
Li-F in blanket salt 0.0164 0.0116 0.00gl 0.0081 0.0074 

0.0137 0.0129 0.0122 0.0llg O.Oll6 
0.0245 0.0375 0.0477 0.0467 0.0452 

O,l3U 0.1841 0.2142 0.2438 
Th i n  blanket salt 0.5312 0.428 0.3683 0.3378 0.3202 

Neutron yleld, q 1.92 1.82 1.75 1.73 1.73 

Median fission energy, ev 0.18 5.6 38 100 120 

T h e m  fissions, $ 35 13 3 0.56 0.48 

0.56 0.6l 0.60 0.60 0.61 
n-7 capture-to-fission ratio, a 0.28 0.36 0.41 0.42 0.42 

I 
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12 

7 
0.25 

0.114 
4.05 

79.6 
230 

0.7748 
0.2252 
0.1880 

0.0951 
0.0123 
0.0068 
0.0254 

0.4098 
1.91 

0.16 

0.176.7. 

33 
0.29 
0.61 



Table 4.1 (continued) 

Case number 13 14 15 16 

Core diameter, f’t 8 8 8 8 
ThF i n  fuel salt, mole $ 0 0.25 0.5 0.75 
$3b in fuel salt, mole $ 0.047 0.078 0.132 0.226 
$35 atom densitp 1.66 2.77 4.67 8.03 

235 Critical mass, kg of u 48.7 81.3 137 236 
critical inventory, kg of $35 ll0 184 3 0  535 
Neutron absorption ratios* 

$35 (fissions) 
u235 (a-y) 
Be-Li-F in mel salt 
Core vessel 
Li-F in blanket salt 

;FL fuel salt 
Th in fuel salt 
Th in blanket salt 

Neutron yield, q 

0.8007 
0.1993 
0.4130 
0.1491 
0.0143 
0.0084 
0.0143 

0.4073 
2.00 

0,7930 
0.2070 
0.286 
0 .io32 
0. o n 2  

0.0082 
0.0196 

0.3503 
0.2045 

1.96 

0.76n 
0 2329 
0.1682 

0.0722 
0.0089 
O.OO80 
0.0272 
0.3048 
0 3056 
1.89 

0.7362 
0.2638 
0 . ~ 0 7  
0.05GQ 
0.00n 
0 0077 
0.0368 
0 3397 
0.2664 
1.82 

Median fission energy, ev Thermal 0.10 0.17 5.3 

n-y capture-to-fission ratio, a 0.25 0.26 0.30 0.36 
Thermal fissions, $ 59 45 29 13 

Regeneration ratio 0.42 0.57 0.64 0.64 

* Atoms (x 10-”)/a3 
* Neutrons absorbed per neutron absorbed in 

17 
8 
J. 

0.349 
12.4 

364 
824 

0.7.146 
0.2854 
0.0846 
0,0373 
0.00$7 
0.0074 
0.0428 

0 3%5 
0.2356 
1.76 

27 
5 
0.40 
0.63 

-166 - 



Table 4.1 (continued) 

Case number 

Core diameter, ft 
!I&F in fuel sd t ,  mole 
$38 in salt, mole 4 

Crit ical  mass, kg of $35 
Cri t ical  inventory, kg of $3’ 

Neutron absorption ratios* 

$35 8tOIU dellSitp 

u235 (fissions) 
u~~~ (n-y) 
Be-Li-F in fuel salt 
Core vessel 
Li-F in blanket salt 

fuel s a l t  

Th in fuel salt 
Th in blanket salt 

Neutron yield, I-, 
Median fission energy, ev 
The& fissions, $ 
n-7 capture-to-fission ratio, a 
Regeneration ratio 

* Atoms (x  10-”(/cm3. 

18 19 20 2l 22 

19 u3 u3 u3 10 

0 0.25 0.5 0.75 1 
0.033 0.052 0.081 0.lW 0.205 
1.175 1.86 2.88 4.50 7.28 

67.3 107 165 258 417 
lu. 176 272 425 687 

0.8229 
O.lV1 

0 573.3 
0.1291 
O.OU4 
0.WQ 
0.0120 

0 3031 
2.03 

0.7428 
0.2572 
0.3726 
0.0915 
0.0089 
0.0060 
0.0153 
0.2409 
0.2a‘L 

2.00 

0.7902 
0.2098 
0.2486 
0.0669 
0 0073 
0.0059 
0.0209 
0 3691 
0 2332 

1.95 

0.7693 
0.2307 
0.1735 
0.0497 
0.0060 
0.0057 
0.0266 
0.4324 
0.2063 
1.90 

0.7428 
0.2572 
0.1206 
0.0363 
0 -0049 
0.0055 
0.0343 
0.4506 
0.1825 
1.83 

Thennal The- 0.100 0.156 1.36 
66 56 43 30 16 
0.21 0.24 0.26 0.9 0*35 
0.32 0.52 0.62 0.67 0.67 
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3 volume of 339 f t  

power level of 600 Mw of heat. 
heat was transferred t o  an intermediate coolant composed of the fluorides of 
U, Be, and Na before being transferred t o  sodiun m e t a l .  
(see Part l), th i s  intermediate salt loop has been replaced by a sodium loop 
and the external volumes are somewhat less because of the improved equipment 
design and layout. 

external t o  the core, which corresponds approximately t o  a 
In these calculations it w a s  assumed that the 

In more recent designs 

Critical Concentration, Mass, Inventory, and Regenemition Ratio. The 
data i n  Table 4.1 are more easily comprehended i n  the form of graphs, such as 

Fig. 4.1, which presents the c r i t i ca l  concentration i n  these reactors as a 
function of core'diameter and thorium concentration i n  the f u e l  salt. The 
data points represent calculated values, and the l ines are reasonable inter-  
polations. The maximum concentration calculated, about 35 x atoms of 
U235 per cubic centimeter of fuel  a a l t ,  or  about 1 mole $ UT4, is an order of 
magnitude smaller than the maximum permissible concentration (about 10 mole 5 ) .  

As may be seen The corresponding c r i t i ca l  masses are graphed i n  Fig. 4.2. 
the c r i t i ca l  mass is a rather complex function of the diameter and the thorium 
concentration. 
represent, it i s  felt ,  reliable interpolations. 
where insufficient numbers of points were calculated t o  define the curves pre- 
cisely; however, they are thought t o  be qualitatively correct. Since reactors 
,having diameters less than 6 f t  are not economically attractive, only one case 
with a k i f t -d i a  core was computed, 

$35. 
interest  t o  the reactor designer than is  the c r i t i ca l  mass. The c r i t i c a l  in- 
ventories corresponding t o  an external fuel volume of 339 f t  are therefore 
shown i n  Fig. 4.3. 
from the relation, 

The calculated points are shown here also, and the solid lines 
The dashed l ines were dram 

The c r i t i ca l  masses obtained i n  th i s  s t u w  ranged from 40 t o  400 kg of 
However, the c r i t i ca l  inventory i n  the entire f i e 1  circui t  i s  of more 

3 

Inventories for  other external volumes may be computed 

6Ve 

2' -I = M (1 + 

- 
where D i s  the core diameter i n  feet, M i s  the c r i t i ca l  mass +taken from [,-- 
Mg. 4.2, 
the inventory i n  kilog#ams of $35.. The inventories plotted i n  Fig. 4.3 range 

Ve is the volume of the external system i n  cubic feet, and I is 

i. - 
W 
4 

_ ,  

. .c 
a 

a 



s 

Fig. 4.1. 
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f r o m  s l igh t ly  above 100 kg i n  an 8-ft-dia core with no thorium present t o  
- 1500 kg i n  a 5-f+:dia core with 1 mole 4% !IW4 present. 

, The optimum combination of.  core diameter and thorium concentration is, 
qualitatively, tha t  .which minimizes the sum of inventory ,charges (including C’ 

charges on U7, Be,: A d  9%) and fue l  reprocessing costs. The fuel aosts are . 
direct ly  related t 6  the  regeneration rat io ,  and th i s  varies i n  a complex 
m e r  with^inventory of $j5 and thorium concentration, as shown i n  k g .  4.4.. , ‘  

It may be seen that, a t  a given thorium concentration, the regeneration r a t i o  
( w i t h  one exception) passes through a maximum as the core diameter is varied 
between 5 and 10 fi. These e i m a  increase with increasing thorium concen- ’ 

t ra t ion,  but the inventory values at which they occur a lso increase. 

. .  

Plotting t h e  ..qximum regeneration r a t i o  versus c r i t i c a l  inven4mry generates 
. 235 the curve shown i n  Fig.:. 4.5. 

(200,kg) w i l l  give a regeneration r a t i o  of 0.58, that 400 kg w i l l  give a r a t i o  

of 0.66, and that‘ further increases i n  fuel inventory .have l i t t l e  effect. 

It may be seen that a small investment. i n  U 
..: 

The effects of changes i n  the compositions of the fue l  and blanket salts 
are indicated i n  the following description of the resu l t s  of a series of cal- 
culafions f o r  which kalts with more favorable melting points and viscosi t ies  
were assumed. The BeF2 content w a s  raised t o  37 mole $ i n  the fue l  salt (fuel  
salt No. 2) and the b w e t  composition (blanket s.alt Nq. 2) was fixed a t  13 
mole $‘ ThF4, 16. &A? 4% bF2 ,  and 71 mole 4% IiiF. Blanket salt No. 2 is a some- 
w h a t  better ref 
As a resuLt, at  a given eo!&? diameter and’,thorium concentration i n  the fue l  salt, 
both %e cr i t iCal  concentration and the regeneration.ratio are  somewhat lower 
f o r  the No. 2 salts. 

Reserv&tions>.cbQcerning I” - the f eas ib i l i t y  of’ constructing and guaranteeing 
the in tegr i ty  of core vessels i n  large sizes (10 ,& and over), together with 

preliminav conside&tion of inventory chyrges for large systems, led $0 the 

conclusion that a feasible reactor would.probably have a care diameter l s n g  

. .  

t 6 Y  ‘than No. 1, and fuel salt No. 2 a somewhat better moderator. 

\ I ,  

ip the range between 6 a d  8 f t .  ‘Accordingly, a p a k e t r i c  studq-fn a s  range . 

with the No. 2 fue l  and blanket salts w&8 perfonnedc In %his study the presence 
of an outer react 
The results are 
nuciear performance ‘is spn&at better with the-No. 2 salt than with the No. 1 
salt. 

sel consisting of 2/3 ia QT INOR-$ was taken i n t o  eccoa t .  ‘. 
in Tab&? 4.2-.and M e b 4 . 6  and 4-7.- I n  general, the  
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Table 4.2. Initial-State Nuclear Characteristics of Two-Region, Homogeneous, 

I&ten-Fluoride-SsZLt Reactors Fueled with U 235 

Fuel salt No. 2: 37mole $B~F~ + 63mole k LiF +UF4 +!ChF4 
Blanket 8sJ.t No. 2: 13mle $ni~~, +16mole $BeF2 + 7lmole $ LiF 

Total power: 600 Mw (heat) 
Externalfuelvolume: 339 ft3 

Case number 

Core diameter, ft 
ThF in fuel sslt,mole $ 
$33 in fuel salt, mole $ 
u235 atom densit++ 
Criticd. mass, kg of U235 

Critical inventory, kg of U235 

Neutron absorption ratios* 
U235 (fissions) 
U235 (n-7) 
Be-Li-F in fuel salt 
Core vessel 
Li-F in blanket salt 
Outer vessel 

Leakage 
3% in fuel sslt 
Thinfuelsdt 
Th in blanket s&t 

Neutron field, q 

23 24 25 26 27 

6 6 6 6 7 
0.25 o-5 0.75 1 0.25 

0.169 0.310 0.423 0.580 0.084 

5.87 10.91 15.95 20.49 3.13 

72.7 135 198 254 a.5 

291 540 790 1010 178 

0.7516 0.7174 0.7044 

0.2484 0.2826 o-2956 
0.1307 o.ogoo 0.0763 

0.1098 0.0726 O-0575 
0.02l4 0.0159 0.0132 

o.c@+ 0.0021 0.002l 

o.oo70 0.0065 0.0064 

0.0325 0.0426 0.0452 
0.1360 0.1902 0.22l.2 
0.4165 0.352l 0.3l78 

1.86 1.77 1.74 

Median fiss$on energy, ev 
Themsl fiSSiOIlSj i, 

n-7 capture;to-fission ratio, a. 
Regetie&tion rat_io 

.: _ 

* l4tDms (x lo-1g)/&3* . 
-++ Neutrons.&sorbed,p& ne&?on abiorbed-ix-#35~ , 

: 
;. 

0.6958 0.7888 
0.3042 0.2ll.2 
0.0692 0.2l47 

0.0473 0.1328 

o.oll7 0.02l5 

0.001g 0.001g 
0.006.l 0.0052 

0.0477 o.ou4 

0.2387 O-1739 
0.2962 0.3770 

1.72 l-95 

76.1 0.1223 

0.84 = 43 
~0.44 0.37 
0.58 0.57 

28 

7 
0.5 
0.155 
5.38 

106 

306 

O-7572 
0.2428 

oz597 

oJBo5 
0.0167 

0.0018 

O.OWjO 

0.0307 

0.2565 

0.3294 
1.87 

li 

- 
m ,- 

L) 
175 

0.415 
24 

0.32 

0.62 



Table 4.2 ( continued) 

u 

c 

Case number 

Core diameter, ft 
w4 in fuel salt, mole $ 
$35 i n  fuel salt, mole $ 
$35 atom d e n s i t p  

235 C r i t i c a l  mass, kg of U 

Cri t ical  inventory, kg of U 

Neutron absorption ratios* 

235 

- 

4 3 5  (fissions) 
$35 b-Y) 
Be-Li-F in  fuel salt 
Core vessel 
Li-F in blanket salt 

Outer vessel 

:?; fuel salt 
Th i n  fuel s a l t  

Th in  blanket salt 

Neutron yield, q 

Median f i ss ion  energy, ev 
T h e m  fissions, $ 
n-y capture-to-fission ra t io ,  a 
Regeneration ra t io  

* Atoms (X  10'19)/C,3. 

29 

7 
0.75 
0.254 
8.70 

171 
494 

0.7282 
0.2718 
0.1010 

0.0644 
0.013 
0.0016 
0.0048 
0.0392 
0.2880 
0.2866 
1.80 

7.Q 

0.37 
0.Q 

11 

30 33- 32 33 

7 8 8 8 
1 0.25 0.5 0.75 
0.366 0.064 0.099 0.163 

13.79 2.24 3-51 5.62 
271 65.7 103 165 
783 149 233 374 

0.7094 
0.2906 
0.0824 
0.0497 
0.0108 
0.0015 
0.0045 
0.0&7 
0.3022 
0.2566 
1-75 

0 .a014 
0.1986 
0 2769 
0.1308 
0.0198 
0.0017 
0.0045 
0.0177 
0.1978 
0.3240 
1.97 

0.7814 
0. a 8 6  
0.1945 
0.0967 
0.0162 
0.0016 
0.0043 
0 0233 
0 3043 
0.2892 
1.93 

097536 
0.2464 
0 913% 
0.0696 
0.0130 
0 0014 
0.0042 
0.0315 
0.3501 
0.258 
1.86 

25.65 51$ t h e m  0.136 0.518 
4.3 51 9 23 
0.41 0.25 0.28 0.33 
0.60 0.54 0.62 0.64 

jt+ Neutrons absorbed per neutron absorbed i n  v235. 

34 
8 

0.254 
9.09 

267 
604 

0.7288 
0.2712 
0.1016 
0.0518 
0.0105 
0.0013 
0.0040 
0.0392 
0 3637 
0.2280 

1.80 
- 

7.75 
ll 

0.37 
0.63 

c 

-176- 

i 

6 
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Neutron Balances and Miscellaneous Details. .'The distributions of the 

neutron captures are given in Tables 4.1 and 4.2, where the relative hard- 
ness of the neutron spectrum is indicated by the median fission energies 
and the percentages of thermal fissions. It may be seen that losses to I&, 
Be, and F in the fuel salt and to the core vessel are substantial, especially 
in the more thermal reactors (e.g., Case No. 18). However, in the thermal 

235 reactors, losses by radiative capture in U are relatively low. Increasing 
the hardness decreases losses to salt and core vessel sharply (Case No. 5), 
but increases the loss to the n-y reaction. It is these opposing trends 
which account for the complicated relation between regeneration ratio and 

critical inventory exhibited in Figs. 4.4 and 4.7. The numbers given for 
capture in the Li and F in the blanket show that these elements are well 
shielded by the thorium in the blanket, and the leakage values show that 
leakage from the reactor is less than 0.01 neutron per neutron absorbed in 
u235 in reactors over 6 ft in diameter. The blanket contributes substantially 
to the regeneration of fuel, accounting for not less than one-third of the 
total even in the lo-ft-dia core containing 1 mole $I ThF4. 

Effect of Substitution of Sodium for lX7. In the event that LA7 should 
prove not to be available in quantity, it would be possible to operate the 
reactor with mixtures of sodium and beryllium fluorides as the basic fuel 
salt. The penalty imposed by sodium in terms of critical inventory and regen- 
eration ratio is shown in Fig. 4.8, where typical Na-Be systems are compared 
with the corresponding IA-Be systems. With no thorium in the core, the use 
,of sodium increases the critical inventory by a factor of 1.5 (to about 300 kg) 
and lowers the regeneration ratio by a factor of 2, The regeneration penalty 
is less- severe, percentagewisej-with lmole $ !PhF4 In the fuel salt; in an 
8-ft-dia core, the inventory rises;Prom 800 kg to-1100 kg and the regeneration 
ratio..fallsfrom 0.62 toO.50. perezis-some doubt-concerning the -validity of 
.the.point-representing the &ft-dia.&e for 'the NaiBesystem with 1;O mole $ 
ThF4; the~.e&anation for.the -apparently abberantbehavior may be'that sodium 
is~relatively~~more~ha~fui in!&he large, near-thermal systems. Details of 
the neutron-balances-are--~ve~-in &ble 4.3. _ ..' .' ~. 

Reactivity Coefficients~"~By mea$.of a series of calculations in which 
the thermal base, the core radius, and the density of the fuel salt are varied 
independently, the components of the temperature coefficient of reactivity of 

.‘ 
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Table 4.3. Ini t ia l  Nuclear Characteristics of Two-Redon, Hamogeneous, 
I Molten Sodium-Beryllium Fluoride Reactors Fueled with 

Fuel Sal t :  

B l a n k e t  salt: 

Total power: €00 Mw (heat) 

53 mole $ NaF + 46 mole $ BeF2 + 1 mole $ ( W 4  + m4) 
1 58 mole $ NaF + 35 mole $ BeF2 + 7 mole $ %F4 

fia volume: 3% ft3 

Case number 

Core diameter, 5% 
T ~ F  i n f u a s a l t ,  mole$ 
a3g in fuel sat ,  mole 
$35 atom aens i tp  
Critical mass, kg of $35 
Critical inventory, kg of $35 

Neutron absorption ratios* - 

$35 (fissions) 
$35 (n-y) 
Na-Be-F in fuel salt 
Core vessel 
Na-Be-F in blanket salt 

FPL fie1 s a t  
Th in fuel salt 
Th in blanket salt 

Neutron yield, q 

M e d i a n  fission energy, ev 
T h e m  fissions, $ 
n-y capture-to-fission ratio, a 
Regeneration ratio 

* Atoms ( X  lO’l9)/a3. 

35 36 

6 6 
0 1 
0.174 0.7014 
6.17 24.9 

76.4 N 
306 1230 

0.7417 
0.2583 
0.2731 
0.1181 
0.082l. 
0.0222 
0.0360 

&Z!i 
1.83 

1.3 

0.25 
0.34 

J-7 

0.6986 
0.3014 
0.1153 
0.0476 
0.043 
0.0182 
0.0477 
0.2418 
0.2120 

1.73 
- 

190 
0.42 
0.43 
0.50 

35 
++E Neutrons absorbed per neutron absorbed in $ . 

f 

37 38 
8 8 
0 1 
0.Ogl 0.465 
3-24 16.5 . 

95.1 484 
a5 1100 

0.7737 
0.2263 
0 4755 
0 . ~ 5  
0.0660 
0.0145 
0.0263 

0. a 6 3  
1.91 

0.20 

34 
0.29 
0.24 

0.7Ol.l 

0.2989 
0.1411 
0.0392 

0.0116 
0,0315 

0.0484 
0.350 
0.1450 
1.73 

36 
1.4 
0.43 
0.51 

39 40 

10 10 
0 1 
0.070 0.282 
2.47 124.0 

142 -Po 
234 1170 

0.7862 
0.21% 

0.mg 
0.0917 
0.0495 
0.0105 
0.0232 

0.1550 

0.087 
4.1 
0.27 
0.18 

1.94 

0.7081 

0.2306 
0.2306 
0.2306 
0.2306 
0.0467 
0.3670 
0.1048 

1-75 

0.2919 

- 

0.41 
0.52 
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a reaetor can be estimated as illustrated below for a core 8 ft in diameter 
and a thorium concentration of 0.75 mole $ in the fie1 salt at 1150'F. 
the expression, 

From 

k = f(T,P,R) , 
where k is the multiplication constant, T is the mean temperature in the 
core, p is the mean density of the fuel salt in the core, and R is the core 
radius, it follows that 

.L 
S 

where the term - represents the fractional change in k due to a 
change in the thermal p9R base for slowing down of neutrons, the term 
represents the change due to expulsion of fuel from the core by thermal 

1 J k  represents the change due to 
E b)p,T capacity. The coefficient 

expansion of the fluid, and the term 
an increase in core volume and fuel holding 

dT may be related to the coefficient for linear expansion, a!, of INOR-8, viz :  

Ukewise the term 3 may be related to the coefficient of cubical expansion, 
p, of the fuel salt: 

.- = -PS dT 

From the nuclear calculations, thecomponents of the temperature coeffi- 
cient were estimated, as follows: 

L 

la2 - 



The linear coefficient of expansion, a, o f  INOR-8 was estimated.to be 
(8.0 2 0.5) x 10*6/OF,7 and the coefficient of cubical expansion, f3, of 
the f'uel was estimated to be,(9.889 2 0.005) x lO-TF' from a correlation 
of the density given by Powers.8 Substitution of these values in Eq. 1 gives 

1 *. - 1 d k  - = -(3.80 0.04) x l O - p F  
k dT 

for the temperature coefficient of reactivity of the fuel. 
tion, the effect of changes with temperature in Doppler broadening and satura- 

In this calcula- 

' tion of the resonances in thorium and U235 were not -en into account. Since 
the effective widths of the resonances would be increased at higher temperatures, 
the thorium would contribute a reactivity decrease and the #35 an increase. 
These effects are thought to be small, and they tend to cancel each other. 

Additional coefficients of interest are those for 835 a.nd thorium. For 
the 8-ft-dia cores. i' 

and 

where 

mc('35) = 0.0805 e O.O595N('fh) x log1' 
=mir 

In t2Bse equa c density of in atoms 
per cubic cent nsity of and N(Th) 
is the density 

7mUnyon, B. W., Private Communication, ORNL (1958). 
Powers, W. D. , Private Communication, O R m  (1958) . 0 
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Heat Release in Core Vessel and Blanket. The e m  vessel of a molten- 
salt reactor is heated by gamma radiateon emanating from the core and blanket 
and from within the core vessel i tself .  Estimate6 of the gatma heating can 

be obtained by detailed analyses of the type illustrated by Alexander and 

31dann.9 The gamma-ray heating in the core vessel of a reactor with an 8-ft-kA 
core and 0.5 mole 4& ThFh in the fuel s a l t  has been estimated t o  be the following: 

i d  
-i 

- 

Source - 
Radioactive decay in core 
nssion, n-7 capture, and 

n-y capture in core vessel 
inelastic mattering in core 

' n-y capture in blanket 

3) Heat Release Rate (w/cm 

l e 4  

5 -2 

4 4  
0.3. 

Tot€ll 11.4 

Estimates of gamma-ray source strengths can be used t o  provide a crude 
estimate of the gmma-ray current entexttrig the blanket. 
core, the core contributes 45.3 w o f  &amma energy per square centimeter t o  
the blanket and the core vessel contributes 6,8 v/cm2, which, multiplied by 
the surface area of the oore vessel, gives a total  energy escape into the 
blanket of 28.8 Mw. 
aourse, and some xi11 escape from the reactor vemel, and therefore the value 
of 28.8 Mw'is an upper limit. To t h i s  may be added the heat released by cap- 
ture of neutrons in the blrsulket. Frosp the Ocusol-A ealeulation for the 
8-ft-dia core and a fuel salt containing 0.5 mole $ TkFb it was found that 
0.176 of the neutrons would be captured in the blanket, Zf an energy release 
of 7 mev/capture is assumed, the heat release a t  a power level of 600 Mw (heat) 
is estimated to  be 8.6 Mw, The total  is thus 47.4 Mw, or say, 50 2 10 Mw, t o  
allow fo r  errors. 

These would add 6 Mw 

For the 8-ft-dia I 
I 

* 

Some of this energy w i l l  be reflected into the core, of 

No allowance wm made For Fissions In the blanket. 
r for each 1$ of the flseiom occurring i n  the blanketo Thus it app-&s that 

the heat release rate in - the  blanket might mange up t o  80 Mwo 
. 

'Alexander, Lo G o ,  and Mann, I;. A*,  First Es3Smate of the Gama Heating 
i n  the, Core Vessel of a Molten Fluoride Converter, ORNGCF-57-12-57 (1957). 
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w 1.2 Intermediate States 

. 
Without Reprocessing of Fuel Salt. The nuclear performance of a homo- 

geneous molten-salt reactor changes during operation at power because of the 
accumulation of fission products and nonfissionable isotopes of uranium. It 
is necessary to add $35 to the fuel salt to overcome these poisons; and, as 
a result, the neutron spectrum is hardened and the regeneration ratio decreases 

235 because of the accompanying decrease in 7 for U and the increased competition 
for neutrons by the poisons relative to thorium. !l%e accumulation of the superior 
fuel U233 compensates for these effects only in part. The decline in the regen- 
eration ratio and the increase in the critical inventory during the first year of 
operation of three reactors having 8-ft-dia cores charged, respectively, with 
0.25, 0.75, and 1 mole $ ThF4 are illustrated in Fig. 4.9. The critical inventory 
increases by about 300 kg, and the regeneration ratio falls about 16%. The gross 
burnup of fuel in the reactor charged with 1 mole $ !IhF4 and operated at 600 Mw 
with a load factor of 80 amounts to about 0.73 kg/day. The U235 burnup falls 
from this value as u-3 assumes part of the load. During the first month of 
operation, the U235 burnup averages 0.69 kg/day. Overcoming the poisons requires 
1.53 kg more and brings the feed rate to 2.22 kg/day. The initial rate is high 
because of the holdup of bred fuel in the form of Pa 233 . As the concentration of 

. 

this isotope approaches equilibrium, the U235 feed rate falls rapidly. At the 
end of the first year the burnup rate has fallen to 0.62 kg/day and the feed rate 
to 1.28 kg/day. At this time U233 contributes about 12$ of the fissions. The 
reactor contains 893 kg of U235, 70 kg of U233, 7 kg of pu23g, 62 kg of u 236 , 
and 181 kg of,.fission-products. The .I?+ and the -fission products capture 1.8 ~. .~ 
and 3.8$bf all neutrons- ancimpair$he regeneration-ratio.by.O.10 units. Details 
of the inventoriesand concentrations are'given in-Table g.4. -- 

With-Reprocessing of Fuel'&&.. !-If the fission products were allowed to ' 
accumula~~-~inaefinite~y, thefuel .&ventorywould become prohibitively large. -. 

land the--neutron economy would be&& very $oor.' -- i However., if the-fissfonpro? : 
ducts are:reinoved~'as~describe& in-Part$;.at a-rate such that the ~equilibriuu~ _ 
inventory is;' for.exti@le, eq~l.to.the-f~rst~ye~'s production, then-the in- . -- 

8 5.- 3 - : 
crease-in inventory-and the dec-rease.in regeneration ratio are effectively 
arrested,:as~ shown &Fig. 4.16, The -fuel-addition rate drops immediately 

w 
from 1.28 to 0.73 kg/day when processing is started. At the end of two years, 
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Tab le  4.4. Nuclear Performance of a Two-Region, Homogeneous, 
.__ 

Molten-Fluoride-Salt Reactor Fueled w i t h  l.?35 

and C0nt-g 1 mole $I ThJ% i n  the Fuel SeLt 

Core diameter: 8 f’t 
External f~el d u n e :  339 fi3 
Total power: 600 Mw (heat) 
Load factor: 0.8 

In i t ia l  State After 1 year 
Inventory Absorptions Fissions Inventom Absomtions Fissions 

Core Elements 

m-232 2,100 20.3 2,100 16e.7 
Pa-233 8.2 0.3 
u-233 61.0 5.9 
U-234 1.9 0.0 

u-235 604 55.4 100 893 49.3 
U-236 62.2 1.8 
NP-237 4.2 0.2 
u-238 45.3 2.2 57.9 2.0 

Fission fragments 181 3.8 
Li-7 3,920 1.9 3,920 0.9 

F-19 24,000 3.2 24,000 3.0 

h-239 6.8 0.8 

Be-9 3,008 0.6 3,008 0.5 

12.5 

86.3 

Blanket Element 

1.2 
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Table 4.4 (conthued) 

After 2 years After 5 years 
Inventory Absorptions Fissions Inventory Absorptions Fissions 

(ks) ( 4)  ( 4)  (43) ( 4)  ( 4 )  
Core Elements 
m-232 
Pa-233 

u-233 
u-234 

-235 
U-236 
NP-237 
u-238 

pu-239 
Fission fragments 
Li-7 
Be-9 
F-19 

Blanket Element 

u-233 

Total Fuel 

2,100 

7.9 
ll0 

6.5 
863 
115 
0.8 

69.7 
12.0 
181 

3,920 
3,008 
24, OOO 

16 

990 

16.3 
0.2 

9.7 
0.1 

44.3 
3.1 
0.4 

2.3 
1.3 
3.6 
0.8 

0- 5 
3.0 

2,100 

7.5 

27.1 
20.8 201 

77.4 818 
222 

1.8 
9.0 

1.8 24.3 
181 

3,920 
3,008 
24,000 

24 

1045 

15.4 
0.2 

15.3 33.0 

36.9 64.1 
0.4 

5.2 

0.8 
2.7 
2.0 2.9 
3.1 
0.6 

0.5 

3.0 

U-235 Burnup Rate, 

U-235 Feed Rate, 
Why 0.58 

Why 0.50 

Regeneration Ratio 0.53 

0.45 
0.54 

c 
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Table 4.4 (continued) 

After 10 years After 20 years 
Inventory AbsoSprtions Fissions Inventory Absorptions Fissions 

(kg) ( 4)  ($1 (kg1 ($1 ($1 
core ELelnents 

m-232 
Pa-233 

U-233 
u-234 
u-235 
u-236 
NP-237 
u-238 
pu-239 

Li-7 
Be-9 

Fission fragments 

F-19 

Blanket Element 
u-233 

T o t a l  Fuel 

2,100 

7.1 

64.4 
266 

8% 
328 

2.6 
10.8 
37.3 

3,920 
3,008 

24,000 

181 

28 

1,129 

14.6 
0.2 

17.6 
0.8 

33.5 
6.7 
0 -9 
2.9 
2.4 
2.7 
0.5 
0.5 
3.0 

2,100 

6.7 
38.3 322 

58.2 872 
450 

124 

3.2 
12.9 

3.5 52.6 
181 
3,920 
3,008 

24,000 

33 
1,232 

13.7 
0.2 

18.8 41.0 
1.4 

31-7 54.9 
7.9 
1.0 

3.0 
2.8 4.1 

2.4 
0.4 
0.5 
3.0 

U-235 Burnup Rate, 

U-235 Feed Rate, 

0.41 

WbY 0.44 
Regeneration Ratio 0.533 
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Fig. 4.10. Long-Term Nuclear Performance of Typical, Two-Region, 
Homogeneous, Molten Fluoride Reactor Fueled with U235 
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the addition rate is down to 0.50 kg/day, and it continues to decline slowly 
to 0.39 kg/day after 20 years of operation. The nonfissionable isotopes of 
uranium continue to accumulate, of course, but these are nearly compensated 
for by the ingrowth of U233. As shown in Fig. 4.10, the inventory of U235 
actually decreases for several years in a typical case, and then increases 
only moderately during a lifetime of 20 years. 

The rapid increase in critical inventory of uQ5 during the first year 
can be avoided by partial withdrawal of thorium. In Fig. 4.10 the dashed 
lines indicate the course of events when thorium is removed at the rate of 
l/g00 per day. Burnup reduces the thorium concentration by another l/4300 
per day. The U235 inventory rises to 826 kg and then falls, at the'end of 

eight months, to 587 kg. At this time, the processing rate is increased to 
l/240 per day (eight-month cycle), but the thorium is returned to the core 
and the thorium concentration falls thereafter only by burnup. It may be 
seen that the 21235 i nventory creeps up slowly and that the regeneration ratio 
falls slowly. The increase in U235 inventory could have been prevented by 
withdrawing thorium at a small rate; however, the regeneration ratio would 
have fallen somewhat more rapidly, and more U235 feed would have been required 
to compensate for burnup. 

2. HOMOGENEOUS REACTORS F'UEIED WITH U233 

Uranium-233 is a superior fuel for use in molten-fluoride-salt reactors 
in almost every respect. The -fission cross section in the intermediate range 
of neutron energiesis greater than the -fission cross sections-of s5 and 
-239 . Thus initial critical inventories~are less, and less additional fuel 
is required to-override poisons, Alsoj.the parasitic cross section is -sub- 
stantially~.less,- and fewer-neutrons are-lost to radiative capture. Further, , 
the radiative captures result in the..immediate formation'&, fertile isotope, 
U234.-'~ -' The rate-of accumulation of ' p36. is orders. of magnitude smaller than 
with.U235 as a fuel, and buildup of Np 237 and ti239 is xiegii-gible l 

The- mean neutron energy ialrather nearer-t6 thermal-&these reactors 
than it is in the correspond& I?35 cases. Consequently, 'losses to core 
vessel and to core salt tend to be higher. Both losses will be reduced sub- 
stantially at higher thorium concentrations. 
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2.1 Initial States w 
Results from a parametric study of the nuclear characteristics of two- 

region, homogeneous, molten-f luoride-salt reactors fueled with U233 are given 
i n  Table 4.5. 
thorium concentrations range f'rom 0.25 t o  1 mole $. 
ratios are less than unity, they are very good compared with those obtained 

only 196 kg, and the regeneration rat io  was 0.91. 

core diameters considered range f'rom 3 t o  10 f t ,  and the 

Although the regeneration 

with 835. With 1 mole Q ThF4 in an 8-ft-dia core, the.? 33 inventory was 

The regeneration ratios and fuel  inventories of reaotors of various 
' 35 diameters containing 0.25 mole thorium fueled with 8 or  U233 are 

compared i n  Mg. 4.11. The superiority of 833 i s  obvious. 

2.2 Intermediate States 

Calculations of the long-term performance of one reactor (Case 51, TEible 
4.5) with $33 as the fuel  are described below. The core diameter used was 

8 f t  and the thorium concentration was  0.75 mole $. The changes in inventory 
of 
of operation, the inventory rises from 129 to  199 kg, and the regeneration rat io  
falls from 0.82 to'O.71. If the reprocessing required t o  hold the concentration 
of fission products and IVp237 constant i s  begun at this time, the inventory of 
833 increases slowly t o  247 kg and the regeneration rat io  rises sl ightly t o  
0.73 during the next 19 years. 
the performance with U . 

and regeneration rat io  &e l is ted i n  Table 4.6. During the first year 

a z i s  constitutes a substantial improvement over 
235 

3. HOMOGENEOUS REACTORS FUELED WITH PW'I'QNTUM 

It may be feasible t o  burn plutonium i n  molten-fluoride-salt reactors. 
The solubility of EW? i n  mixtures of fitF and BeF2 is considerably less than 

that of UF4, but is reported %o be over 0.2 mole $,lo which may be sufficient 
for  c r i t i ca l i t y  even in the presenae of fission fragments and rmnflssionable 
isotopes of plutonium but probably limits severely the mount of ThF4 t h a t  can 

3 

7 

. .  
.I 

loBakton; ' C a ' J . ,  Solltbiiliy snd 8kalkUty of PuF3 in FWed Alkali Fluoride- - -~ . 
Beryllium Fluoride (in preparation), ORNL (1958). LJ 
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Table 4.5. Nuclear Characteristics of !l?wo-Region, Homogeneous, 
Molten-Fluoride-Salt Reactors Fueled with U233 

core diameter: 8 ft 
I!ate~fuelvolume: 339 f-t3 
Total. power: 6CO Mw (heat) 
~osd factor: 0.8 

Case riuuiber 41 42 43 44 45 

Fuel and blanket sa;lts* 1 1 1 1 1 
Core diameter, ft 3 4 4 5 6 
lbF4 in fuel s&t, mole $ 0 0 0.25 0 0.25 
U233 in fuel salt, mole $ 0.592 0.158 O-233 0.106 0.048 
333 atom densitywk 21.0 6.09 8.26 3.75 1.66 
Critical mass, kg of U233 64.9 22.3 30.3 26.9 20.5 
Critical inventory, kg of U233 1620 248 337 166 82.0 

Neutron absorption ratios* 
$33 ( fissions) 
$33 (n-y) 
Be-Li-F in fuel sslt 
Core vessel 
Li-Be-F in blanket salt 

Leakage 
Th in fuel salt 
Th in blanket salt 

o-8754 0.8706 
0.1246 0.1294 
0.0639 O.lOQ 
OS902 0.1401 
0.0233 0.0234 
0.0477 0.03l0 

0.9722 0.8857 
2.20 2.19 

0.8665 0.8725 
0.1335 0.1275 
0.0860 0.1472 

O.lo93 0.1$30 

0.0203 0.0196 
0.0306 0.0193 

ow35 0.1593 
0.8193 0.7066 
2.18 2.19 

0.8814 
oLL86 
0.~80 
o -1983 
0.02l.5 
0.0160 

0.6586 
2.2.l. 

0.33 
38 
0.13 
0.66 

Neutron yield, 7 

~174 14 19 
2.3 
0.15 
0.93 

2.9 
16 
0.15 
0.87 -_ 

' Median fission energy;- ev- _ 
.Thekl'.fissions;,.$ : 0.053 8.0 
n-y caljture-t&fission ratio, a: 0.14 0.15 . . 
Regeneration.-Ftio -. - :, i ;- 0.97 0.89 

_. 
Y _ Fuel-salt No. 1: . 31rmo$e qb&F2 + 69 mole $ I&F + lJF4 + !S#+ 

Bl,anket.sait' No+ .1:‘- 25 mole-$ ThFi + 75 mole $ EiF 

-" -Atoms (&10"?)/cm3. . i .._ 

-** Neutrons absorbed‘-per absorption ins $3'. 
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Table 4.5 ( continued) 

Case number 

Fuel and blanket sats* 
Core diameter, f t  

T W ~  i n  fuel sfit, mole $ 
$33 i n  fue l  s a t ,  mole $ 
u233 atom d e n s i t e  
Cr i t icd  mass, Q of $33 
cr i t ic& inventory, Q of $33 

Neutron absorption ratios- 

u233 (fissions) 
u233 (n-y) 
Be-Li-F i n  f ie1  salt 
Core vessel. 

Li-Be-F i n  blanket salt 
Leakage 

Th i n  fuel salt 

Th i n  blanket salt 

Neutron yield, q 

Median f i s s ion  energy, ev 
Therm& fissions,  $ 
n-7 capture-to-fission ratio, a 

Regeneration r a t i o  

46 

1 

6 
0.25 
0 rn 066 
2.36 

29.2 
117 

0.8779 
0.1221 

0 2297 
0.1508 
0 0179 
0.0157 
0 -1973 
0 5922 
2.20 

1.2 

29 
0.14 
0.79 

47 

1 
8 
0.25 
0 039 
1.40 

41.1 
93.1 

48 

1 
8 
1 

0.078 
2.95 

86.6 
196 

49 

1 

10 
0.25 
0.031 
1.10 

63.0 
104 

5 1  

2 
10 

0.75 
0 0597 
1.97 

58-8 
129 

0.8850 0.8755 0.8881 0.8781 0.8809 
O.ll5O 0.1245 0.lllg 0.12lg 0.1191 
0.3847 0.1899 0.5037 0.2360 0.2458 
0.1406 0.0778 0.1168 0.0629 0.1168 
0.0141 0.0095 0.0108 0.0071 0.0187 
0.0095 o.oogo 0.0068 0.0065 0.0050 
0.2513 0.5768 0.2852 0.6507 0.4903 
0.4W. 0.3344 0.3058 0.2408 0.3322 
2.22 2.20 2.23 2.20 2.21 

0.20 1.1 50$ !rh 3.2 0.68 
43 24 50 30 34 
0.13 0.14 0.13 0.14 0.14 
0.67 0.91 0.59 0.89 0.82 

* Fuel salt No. 1: 
Blanket salt No. 1: 
Fuel salt No. 2: 
B l a n k e t  salt No. 2: 13 mole $ ThF4 + 16 mole $ BeF2 + 71 mofe $ LIF 

Neutrons absorbed per absorption i n  L?33. 

31 mole $I BeF + 69 mole $ L i F  + UF4 + ThFb 

37 mole $ BeF2 + 63 mole $ LiF + UF4 + Thl? 
25 mole $ + 75 mole $ LiF 

* Atoms (x 10'1g)/cm3. 
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Fig. 4.11. Comparison of Regeneration Ratios in Molten-Salt Reactors 
Coqtaining 0.,25 Mole % ThF4 and U235- or U233 Enriched Fuel. 
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Table 4.6. Nuclear Performance of a Two-Region, IIomOKeneous, 
Molten-Fluoride-Salt Reactor Fueled with 
and Containing 0.75 mole $ ThF4 in the Fuel Salt 

Core diameter: 8 ft 
External Fuel volume: 339 ft3 
Total power: 600 Mw (heat) 
~ o a d  factor: 0.8 

Initial State After 1 year 
Inventory Absorptions Fissions Inventory Absorptions Fissions 

(kg) ($1 ( $1 (kg) ( 4 )  ($1 

Core elements 
~h-232 1,572 22.2 
Pa-233 
U-233 129 45.2 
u-234 
u-235 
U-236 

NP-237 
u-233 

pu-239 
Fission fragments 
~ i - 6  3,920 6.5 
Be-9 3,004 0.8 
F-19 24,000 4.0 

Blanket element 

u-233 
Total fuel 129 

1,572 19.1 
9.4 0.5 

100 199 45.3 99.5 
23-3 0.9 
1.9 0.3 0.5 
0.1 0.1 

181 7.9 

3,008 0.7 
24,000 3.5 

3,920 3.4 

8.6 
210 

U-233 Feed Rate, 

Regeneration Ratio 0.82 
@/day 0 790 0.370-0.189 

0.71 

W 

a 

. 

i 
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Table 4.6 ( continued) 

After 2 years After 5 years 
Inventory Absorptions Fissions Inventory Absorptions Fissions 
(kg1 ( $1 ($1 (%) ($1 ($1 

Core elements 

m-232 1,572 
Pa-233 9.0 
u-233 204 
U-234 44.0 
u-235 5.4 
U-236 0.6 
NP-237 0.1 

u-238 
m-239 
Fission fragments 181 
Li-6 3,920 
Be-9 3,008 
F-19 24,000 

Blanket element 
u-233 10.7 

Total fuel 220 

18.9 
0.5 

44.9 98.5 
1.7 
0.8 1.5 
0.3 
0.1 

7.7 
3.3 
0.6 
3.4 

1,572 
8.9 
276 
89 

17.7 
4.2 

0.5 
0.3 

181 
3,920 
3,008 

24,000 

16.2 

250 

18.3 
0.4 

43.7 95.6 
3.1 
2.3 4.4 
0.2 

0.1 

7.2 
2.8 
0.6 
3.3 

W 
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~ e u e  4.6 (continued) 

After 10 years After 20 yeaxs 
Inventory Absorptions Pyssion~ Inventory Absor&ions Fissions 
(43) ( 4)  ($1 (43) ( 4 )  ( 4 )  

Core elements 
17.2 931-232 1,572 17.8 572 

Pa-233 8.6 0.4 8.4 0.4 
U-233 231 42.5 92.8 247 41.5 90.5 
u-234 132 4.2 172 5.0 
U-235 32-5 3.7 7 -1 47 4.8 9.0 
U-236 u.5 0.6 24 1.1 

NP-237 1-7 0.2 3.4 0.3 
u-238 .1.7 0.1 5.1 0.3 
Pu-239 0.2 0.1 0.1 0.8 0.3 0.5 
Fission fragments 181 6.7 181 6.3 

2.1 
0.6 

LI-6 3,920 2.5 3,920 
Be-9 3,008 0.6 3Jm 
F-19 24 ,000 3.3 24,000 3.3 

Blanket element 
u-233 22.2 31.6 

Total Fuel 282 295 

U-233 Feed Rate, WbY 0,171 0.168 
Regeneration Ratio 0.73 0.73 
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be added la the fuel 6 a l t .  

m239 is  an inferior fuel in intermediate reactors, w i l l  result i n  a poor neu- 
tron economy i n  comparison with that of I? 33 -fueled reactors. 

This Umitation, coupled with the condition that 

However, the 
advantages of handling plutonium f ~ .  a fluid me1 system may make the plutonium- 
fueled molten-salt reactor more desirable theur other posalble plutonium- 
burning systems. 

3.1 Initial States 

Crftical Concerit,ration, MEtss, Inventory, and Regeneration Ratio. The results 
of calculations of a plutonium-fueled reactor having a core diameter of' 8 f t  end 
no thortum in the fuel ea l t  are described below, !&e c r l t i ca l  concentration was 

0,013 mole $ PuF which is an order of magnitude smeller than the solubility 
limits in the fluoride salts of interest. !the cr4ticalmaGe wae lj07 kg and 
the c r i t i ca l  inventory in a 600-Mw system (339 f't3 of external f i e1  volume) was 

only 31.2 kg. 

The core was sur!mund&d by the W-Be-l%l-fluortde blanket mixture .Noe 2 
(13 per cent ThFb) . 
the thorium to  give a regeneration m t i o  of 0035. By employing smaller cores 
and larger investinents in Fu239, however, it shQuld be posafble t o  increase 
the regeneration ra t io  substantially. 

. Neutron &lance and MiraoelLELneous Detail@* DeWls of the neutron economy 
of a reactor fueled with pl;utonium are given in Table k e 7 .  
i n  Pu239 are relatively high; q es 1084# compared with a v of 2,9. llhe neutron 
spectrum is +atively soft; almost 6Q$ o f  all. fissions w e  .oaused by thenneL1 

neutrons, a d ,  as a result, absorptions in liWium aze higho 

3.2 Intermediate States 

Pu2@ w i l l  accumulate in , the  s-tem unt i l  it oaptures, at  equi l tbr iy ,  about 
half as many neutrons as  Pu 
inasmuch as the product, 
trons w i l l  necessitate an increase in the concentkt&cm,tS the $ 3 ~ ~ ~ ' .  

Wther ,  the rare earths among the fission products may exert et common-ion 
influence on the plutonium and reduce its s.o;Lubilityo On the credit side, 

3 

Slightly more than 1% of a l l  neutrons yere captured in 

FWasitfe captures 

the basis of the avera value of a ai ~ ~ ~ 3 9 ,  it is eetimafed that 

. .  

--+I 
.le these capturee are not wholly parasitfi?, 
sgrfonsble, the added competit$on for neu- 

Ukewise, 
the ingrowth o f  fissian products kill neceseitate %he tl&ttion of more Pu 239 

, 

* &$I$ * 



Initial-State Nuclear Characteristics of a mica1 
M ~ l t ~ i - F l ~ ~ f l & ~ & &  Reactor Fueled with Pu239 

Core Mameter: 8 f t  
~ ~ t e r m a l  fuel volume: 339 ft3 
Total power: 600 Mw (heat) 
Ir>ad factor: 0,8 
Critical inventory: 
Critical concentration: 0.013 $ FQ 

31.2 kg of Pu23& 

Neutrons Absorb@& per 
Neutrons Absorbed ip Pu 239 

Neutron Absorbers 

m239 (fissions) 
m239 (n-r )  
6 7 Z;t and Li i n  fuel salt 
9 Be i n  h e 1  salt 

0.630 
0 e 372 

0.022 

0 b o 8 6  

Core Vessel 0.086 

Th in blaxiket salt 

I&-Be-F i n  blanket salt 

0 352 

0.024 

Reactor vessel 0.004 

freakage 0.003 - 
. . 3  ,.* . .... * 

Neutron Yield, q 1.84 

mermal fissions, $ ' 59 

Regeneration Ratio 



I ,* 1 

U233 produced in the blanket. If this is added to the core however, is the 
240 it may compensate for the ingrowth of Pu. and reduce the 239 Pu requirement 

to below the solubility limit, and it may be possible to operate indefinitely, 
35 as with the v2 -fueled reactors. 

4. RE!t33ROGEI&JS GRAPRITE-MODERATEDRRACTORS 

I * : 

i 

Q 

+ 

A  
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The use of a moderator in a,heterogeneous lattice with molten salt fuels 
is potentially advantageous. @ret, the approach to a thermal neutron spectrum 
improves the neutron yield, r);attainable, especially with U235 and Pu23g. 
Second, in a heterogeneous system, the fuel is partially shielded from neutrons 
of intermediate energy, and a further improvement in effective neutron yield, 7, 
results. Further, the opti= systems may prove to have smaller volumes of fuel 
in the core than the corresponding fluorine-moderated, homogeneous reactors and, 

. . consequently, higher concentrations of fuel and thorium in the melt. This may 
substant,ially reduce parasitic losses to components of the'carrier salt. On 
the'other.hand, these higher concentrations tend to increase the inventoryin 
the circulating fuel system external to the core. The same considerations 
apply to fission products and to nonfissionable isotopes of uranium. 

Possible moderators for molten-salt reactors inelude beryllium, ReO, and 
graphite. The design and performance of the Aircraft Reactor Experiment, a 

\ beryllium oxide moderated, @iium-zirconium fluoride salt, one-region, 835 - , 
fueled burner reactor,& been reported (see Part 1). Since beryllium and Be0 
and molten salts are not chemically compatible, it was necessary to line the 
fuel circuit with Inconel. It is easily.estimated that the presence of Inhonel, . 
or any other prospective conta!lnment metal in a heterogeneous, thermal reakor 
would seriously i&air the kegeneration ratio of a converter-breeder. Conse- 
quently, beryllium and -BeO.ake,eliminated from consideration. 

Preliminary evidence indi&ates thst uranium~bearing molten' salts may be 
compatible~with sotie-grades afigraphite and that the presence of the graphite' 
will not carburize metallic p&ions of the fuel circuit seriously. l1 It 

.' I_ 

.l $ ertesz, F., Private Communication, ORRL (1958) 
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therefore becomes of interest  t o  explore the capabilities of the graphite- 

moderated systems. 
core diamet+r, f i e1  channel diameter, lattice spacing, and thorium concentration. 

4.1 Initial States 

Li3 

* 

The principal independent wtriables of interest  are the 

me nuclear parameter study of graphite-moderated reactors has jus t  begun 

and only two cases have been calculated. 
the IMFR, these first two "MSFR" calculations w e r e  based on essentially the 

same geometry and graphite-to-fluid rat io  as those of the reference design IMFR, 
with molten salt substituted for liquid metal. 
with bismuth iastead of salt as a c k c k  point. 

For convenience i n  comparison with 

l2 

One calculation was performed 
The three cases are summarized 

i n  %ble 4.0. 

Lbcock  and Wilcox Co., Liquid Metal Fuel Reactor, Technical Feasibility A 

Report, MW-2 (Del) (1955)- 
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TABU 4.8 

Comparison of Gramte-Moderated MolteniSalt 
and Liquid-Metal-Fueled Reactors 

T o t a l  pawer, M[w (heat) 
Over-all radius, in, 

Crit ical  inventory, Bg of U-233* 
Regeneration ra t io  
Core 

Cri t ical  IBELSS, kg Of U-233 ~ 

- 
Radius, in. 
Graphite, vol 4& 
Fuel f luid,  vol $ 
Fuel components, mole $ 

Bi 
ISF 
BeF2 
m 4  

Unmoderated blanket 

Thickness, in. 
Composition, mole $ 

B% 
7% 
U F  

u-233 
"F2 

75 
- 9.9 
467 
1.107 

33 ' 

. j  45 
55 

loo 

Moderated blanket 
Thicaees, in. 36 
composition, vox $ 

Graphite 66.6 
Blanket fluid= . 33.4 

Meutron absorption ratio- . 

d 918 
s of me1 fluid 0.081 

Th in blanket fluid 1. 110 
0.083 
0,040 
0 0012 mir 

600 
7s 
9.6 

77.8 
Q.83 

33 
45 
55 

69 
31 

6 

10 ( w 4 )  
70 
20 
0.014 

36 
66.6 
33.4 

0.825 
o .071 
0 .ow 
0 .004 
2;24. 

61 
36.5 
e*5 

13.2 

24 

100 ' 

0.566 
1*000 
0 . 106 
0.490 

0.033 
0 .Oi4  
2.21 
7 

* With bismuth, the external volume indicated in ref 10 wa6 used. 
molten salt systems are calculated for 339 ft3 external volumes. * .@,me as umoderated bhnket  fluid.  

WHF Neutrons absorbed per neutron absorbed in U-233. 

The 
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PART 5 

for  suppressing cavitation or  moving liquid or gas from one vessel t o  another. 
me deviations from standard practice required t o  adapt the various com- 

The schematic diagram ponents t o  the molten-salt system are discussed below. 
of a molten-salt heat transfer system presented i n  Fig. 5.1indicates the 

EQUIPMENT FOR MOIEEN-SALT mACTOR HEAT TRANSFER SYSTEMS 

. 

# 

_. 

w 
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Fig. 5.1. A Molten-Salt Heat Transfer System. 
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1, PUMPS FOR M O W N  SALTS bj 

Centrifugal pumps with radial or mixed-flow types of impeller have been . 
used successfully t o  circulate molten-salt fuels. The units bui l t  thus far 
and those currently being developed have a vertical  shaft which carries the 
impeller a t  i t s  lower end. 
t o  isolate the motor, the seals, and the upper bearings from direct contact 
w i t h  the molten salt. 
sirable contaminants t o  the cover gas above the free-liquid surface i n  the 
pump are prevented either by the use of mechanical shaft seals o r  hermetic 
enclosure of the pump and, i f  necessary, the motor. Thermal and radiation 
shields or barriers are provided t o  assure acceptable temperature and radia- 

The shaft passes through a free surface of l iqu id  

Uncontrolled escape of fission gases or  entry of unde- 

tion levels i n  the motor, seal, and bearing ar'eas. 
pump surfaces i s  provided to  remove heat induced by gamma and beta, radiation. 

The principles used i n  the design of pumps for normal liquids are appli- 

Uquid cooling of internal 

cable t o  the hydraulic design of a molten-salt pump. 
that the cavitation performance of molten-salt pumps can be predicted from 
tes t s  made with water at  room temperature. 
by normal thermal effects, stresses due t o  radiation must be taken into 
account i n  a l l  phases of design. 

The pump shown i n  Mg. 5.2-was developed for 2000-hr durability a t  very 

Experiments have shown 

In addition t o  stresses induced 

low irradiation levels and w a s  used i n  the Aircraft Reactor Experiment for  
circulating molten salts and sodium a t  f l o w  rates of 50 t o  150 gpu, at heads 

up t o  250 f t ,  and at  temperatures up t o  1550'F. 
tually trouble-free i n  operation, and many units i n  addition t o  those used 
i n  the Aircraft Reactor Experiment have been used i n  developmental t es t s  of 
various components of molten-salt systems. 

These pumps have been vir- 

The bearings, seals, shaft, and impeller form a cartridge-type subassembly 
that i s  removable from the pump tank a f t e r  opening a single, gasketed jo in t  a- 

bove the liquid level. 
parts of the pump tank subassembly into which the removable cartridge is in- 
serted. 
of the bearing housing are cooled by circulating o i l .  
operation are reduced by thermal insulation. 

The volute, suction, and discharge connections form 

The upper portion of the shaft and a toroidal area i n  the lower part 

H e a t  losses during 
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Fig. 5.2. Sump-Type Centrifugal Pump Developed for Use in the Aircraft Reactor Experiment. 



In  a l l  the units bui l t  thus far nickel-chrome alloys have been used i n  G 
the construction of a l l  the high-temperature wetted parts of the pump t o  
minimize corrosion. 
of such alloys permitted close spacing of the impeller and bearings and high 
thermal gradients i n  the shaft. 

preloaded angular-contact ba l l  bearings mounted face-to-face i n  order t o  pro- 
vide the f lexibi l i ty  required t o  avoid bindings and t o  accomodate thermal 
distortions. Either single-row b a l l  bearings or  a journal bearing can be 
used successfully for  the lower bearing. 

The relatively low thermal conductivity and high strength * 

Thrust loads are carried at  the top of the shaft by a matched pair of P 

The upper lubricant-to-air and the lower lubricant-to-inert-gas seals 
are  similqr, rotary, mechanical face-type seals consisting of a sht ionary 
graphite member operating i n  contact with a hardened-steel rotating member. 
The seals are oil-lubricated, and the leakage of o i l  to the process side is 
approximately 1 t o  5 cm /day. 

removed from the pump by gas-pressure spargirig or  by gravity. 

operation i n  the temperature range of 1200 t o  1500°F with molten salts and 
liquid metals as the circulated fluids has proved the adequacy of this basic 

3 This o i l  is collected i n  a catch basin and 

The accumulation of some 200,000 hr of relatively trouble-free t e s t  

pump design with regard t o  the major problem of theraally induced distortions. 
Four different sizes and eight models of pumps have been used t o  provide flows 
i n  the range of 5 t o  1500 gpm. 

periods of 6000 t o  8000 hr, consecutively, without maintenance. 
Several individual pumps have operated for  

1.1 Imp 2 I 

The basic pump described above has bearings and seals that  are oil-lubricated 
and cooled, and i n  some of the pumps elastomers have been used as seals between 
parts. The pump of this type that was used i n  the ARE was designed for  a rela- 
t ively low level of radiation and received an integrated dose of less than 
5 x 10 r. Under these conditions both the lubricants and elastomers were 
proved t o  be entirely satisfactory. 

a 

The fuel pump for  a power reactor, however, must last for many years. 
5 6 The radiation level anticipated a t  the surface of the fuel is 10 

Beta- and gama-emitting fission gases w i l l  permeate a l l  available gas space 
above the fuel, and the daughter fission products w i l l  be deposited on a l l  
exposed surfaces. Under these conditions, the simple pump described above 
would fail  within a f e w  thousand hours. 

t o  10 r/hr. 
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Considerable improvement i n  the resistance of the pwnp and motor t o  
radiation can be achieved by relat ively simple meanso 
between the impeller and the lower motor bearing and iaser t ing additional 
shielding material w i l l  reduce the radiation from the fue l  t o  a low level  
at  the lower motor bearing and the motor. 
m e t a l  gasket arrangement can be used t o  replace the elastomer seals. The 

s l id ing  seal j u s t  below the lower motor bearing, which prevents escape of 

kngthening the  shaft 

Hollow, metal O-rings o r  another 

the fission-product gases o r  inleakage of the outside atmosphere, must be 

lubricated t o  ensure continued operation. 
radiation may quickly cause coking. 
are much less subject t o  formation of gums and cokes under radiation and 
could be used as lubricant f o r  the seal and f o r  the lower motor bearing. 
This bearing would be of the f r i c t ion  type, f o r  radial and thrust  loads. 

If o i l  lubrication is  used, 
Various phenyls, o r  mixtures of them, ' 

These modifications would provide a fue l  pump with an expected l i fe  of the 

order of a year. 
these simple and relat ively sure improvements would probably suffice fo r  
power reactor operation. 

With suitable provisions f o r  remote maintenance and repair, 
' 

Three additional improvements, now being studied, should make possible 
a fue l  pump that w i l l  operate trouble-free throughout a very long l ife.  
first of these is a p i l o t  bearing f o r  operation i n  the fue l  salt. Such a 
bearing, whether of the hydrostatic o r  hydrodynamic design, would be com- 
p le te ly  unaffected by radiation and would permit use of a long shaft so that 

The 

the motor could be w e l l  shielded. 
below the motor rotor  would be the only other bearing required. 

improvement i s  a labyrinth type of gas seal t o  prevent escape of f i ss ion  gases 
up the shaft. There are no rubbin urfaces and hence no need f o r  lubricants, 
so there can be no radiation &,mag The th i rd  innovation i s  a hemispherical 
gas-cushioned bearing t o  a c t  as a ined thrust  and radial bearing. 
would have the advantage of requiring no auxiliary lubrication supply, and it 
would combine w e l l  with the labyrinth type of gas seal. It would, of course, 
be uk f fec t ed  by radiation, 

1.2 A Proposed me1 Pump 

A combined radial and thrust  bearing j u s t  
The second 

It 

A pump design embodying these last three features i s  shown i n  Hg. 5.3. 
It is  designed f o r  operation at  a temperature of 1200°F, a flow rate of 24,000 gpn, 
and a head of 70 f t  of fluid. The lower bearing is  of the hydrostatic type and i s  
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Fig. 5.3. Improved Molten-Salt Pump Designed for Power Reactor Use. Operating 
Temperature, 1 2 0 0 O F ;  Flow Rate, 24,000 gpm; Head, 70 ft of Fluid. 
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W lubricated by the molten-salt fuel. 
hydrostatic type, i 8  cushioned by helium and serves a l so  as a bar r ie r  against 
passage of gaseous f iss ion products i n to  the motor. 
spherical t o  permit accomodation of thermally induced distortions i n  the 

over-all  pump structure 

The upper bearing, which is  also of the 

This bearing is  hemi- 
1 

The principal radiation shielding is  that provided between the source - 
and the area of the motor windings. 
shielding and a heavy m e t a l  f o r  gamma radiation shielding a re  proposed. 
motor is t o t a l l y  enclosed i n  order t o  eliminate the need f o r  a shaft seal. A 

coolant is circulated i n  the area outside the s t a to r  windings and between the 

upper bearing and the shielding. Molten-salt fue l  i s  circulated over the sur- 
faces of these p a r t s  of the pump which are i n  contact with the gaseous f iss ion 

Iayers of beryllium and boron f o r  neutron 
The 

products t o  remove heat generated i n  the metal. 

2. HEAT EXCHANGERS, EXPANSION TANKS, AND DRAIN TAMCS 

c 
The heat exchangers, expansion tanks, and drain tanks must be especially 

designed t o  f i t  the particular reactor system chosen. 
suitable f o r  a specific reactor plant are described i n  Part  1. 
problems encountered are  the need f o r  preheating a l l  salt- and sodium-containing 
components, f o r  cooling the exposed metal surfaces i n  the expansion tank, and 
f o r  removing afterheat from the drain tanks. 
salts behave as normal f lu ids  during pumping and flow and tha t  the heat transfer 
coefficients can be predicted from the physical properties of the salts. 

The design data of items 
c 

The special 

It has been found that the molten 

The problems associated lves f o r  molten-salt fuels  are the consis- 
t e n t  augnment of par t s  during transit ions from room temperature t o   OF, 
the selection of materials f o r  mating surfaces which w i l l  not fusion-bond i n  
the salt  and cause the valve t o  s t i ck  in the closed position, and the pro- 0 

vision of a t ight seal. Bellows-sealed, mechanically operated, poppet 
type shown i n  Fig. 5.4 have given reliable service i n  test systems. .. 

A number of corrosion- and fusion-bond-resistant kterials fo r  high- 

Molybdenum temperature use were found through extensive screening tests. u 
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Fig. 5.4. Bellows-Sealed, Mechanically Operated, Poppet Valve for Molten-Salt 
Service. 

21 2 

-. u 



against tungsten or copper and several titanium or tungsten carbide-nickel 
cermets mating with each other proved to be satisfactory. Valves with very 
accurately machined cermet ‘seats and poppets have operated satisfactorily 
in 2-in. molten-salt lines at 13OO'F with leakage rates of less than 2 cm3/hr. 
Consistent positioning of the poppet and seat to assure leak tightness is 
achieved by tinimizing transmission. of valve body distortions to the valve 
stem and poppet. 

If rapid valve operation is not required, a simple "freeze" valve .may 
be used to ensure a leak-tight seal. The freeze valve consists of a section 
of pipe, usually flattened, that is fitted with a device to cool and freeze 
a salt plug and another means of subsequently heating and melting the plug. 

4. SYSTEM HEATBUG 

Molten-salt systems must be heated to prevent thermal shock during fall- 
ing and to prevent freezing of the salt when the reactor is not operating to 
produce power. Straight pipe sections are normally heated by an electric 
tube-furnace type of heater formed of exposed Nichrome V wire in a ceramic 
shell (clamshell heaters). A similar type of heater with the Nichrome V wire 
installed in flat ceramic blocks can be used to heat flat surfaces or large 
components, such as dump tanks, etc. In general, these heaters are satis- 
factory for continuous operation at lSCO°FT Pipe bends, irregular shapes, 
and small components, such as valves and pressure-measuring devices, are 
usually heated with tubular heaters (e.gi, General Electric Company "Calrods") 
which can be shaped to fit the component.or pipe bend. In general, this type 
of heater, should be limited to service at 15OO'F. Care must be exercised in 
the installation of tubular heaters to,avoid failure due to a hot spot caused 

.'. 
by insulation in direct contact with the heater. This type of failure can be 
avoided by installing a thin.sheet of metal (shim stock) between the heater 
and the insulation, 

I&e& resistance heating in which an electric current is passed directly 
through a section of the molt&salt piping has also been used successfully. 
Operating temperatures of thi$ typeof heater are limited only by the corrosion 
and strength limitations of the metal as the temperature is increased, Ebcperi- 
ence has indicated that heating of pipe bends by this method is usually not 
uniform and can be accompanied by hot spots caused by nonuniformity of liquid 
flow in the bend. 
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5. JOINTS 

Failures of some system components may be expected during the desired 
operating l i fe ,  say 20 years, of a molten-salt power-producing reactor; con- 

sequently, provisions must be made f o r  servicing o r  removing and replacing 

such components. 
there w i l l  be a high level  of radiation within the primary shield. 

work on o r  preparations f o r  disposal of components that fa i l  w i l l  be carried 

out i n  separate hot c e l l  f a c i l i t i e s .  

. 

. Remotely controlled manipulations w i l l  be required because 

Repair 

The components of the system are interconnected by piping, and flanged 

connections o r  welded jo in t s  may be used. 

component and the piping the cleanliness of the system must be preserved, and 

i n  remaking a connection proper alignment of parts must be re-established. 

The reassembled system must conform t o  the or iginal  leak-tightness specifica- 

tions. 
components from the piping and t o  transport par ts  w3thin the highly radio- 

act ive regions of the system. 
s t ruc tura l  integri ty ,  remote cutt ing of welds, remote welding, and inspection 
of such w e l d s  a re  d i f f i c u l t  operations. 
fo r  these tasks, but they a re  not yet generally available. 

which are a t t r ac t ive  from the point of view of tooling, present problems of 
permanence of t h e i r  leak tightness. 

I n  breaking connections between a 

Special tools and handling equipment -11 be needed t o  separate 

While an all-welded system provides the highest 0 

Special tools  are being developed 
1 

Flanged connections, 

Three types of flanged jo in t s  are being tes ted that show promise. One 
is a freeze-flange j o i n t  that consists of a conventional flanged-ring j o i n t  
with a cooled annulus between the  r ing and the process f lu id .  

enters the annulus freezes and provides the primary sealt 

a backup seal against salt and gas leakage. 

The salt that 

The r ing  provides 

The annulus between the ring and 
frozen material can be monitored f o r  f i ss ion  product o r  other gas leakage. 

design of t h i s  j o i n t  i s  i l l u s t r a t ed  i n  f ig .  5.5. 
The 

A cast-metal-sealed flanged j o i n t  i s  a l so  being tes ted fo r  use i n  ve r t i ca l  
runs of pipe. 
i n  place i n  an annulus provided t o  contain it. 
made or  broken the seal i s  melted. 
o r  bolts.  

As shown i n  FIg. 5.6, t h i s  j o i n t  includes a seal which i s  cas t  
When the connection is t o  be 

Mechanical strength is  supplied by clamps 
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A flanged joint containing a gasket (Fig. 5.7) is the third type of 
joint being considered. In this joint the flange faces have sharp, cir- 
cular, mating ridges. The opposing ridges compress a soft metal gasket to 
form the seal between the flanges. 

6. INSTRUMENTS 

Sensing devices,are required in molten-salt systems for the measurement 
of flow rates, pressures, temperatures, and liquid levels. Devices for these 
services are evaluated according to the following criteria: (1) they must be 
of leak-tight, preferably all-welded,, construction; (2)+they must be capable 
of operating at maximum temperature of the fluid system; (3) their accuracies 
must be relatively unaffected by changes in the system temperature; (4) they 
should provide lifetimes at least as great as the lifetime of the reactor; 
(5) each must be constructed so that, if the 'sensing element fails, only the 
measurement supplied by it is lost. !!&e fluid system to which the instrument 
is attached must not be jeopardized by failure of the sensing element. 

6.1 Flow Measurements ' 

Flow rates are measured in molten-salt systems with orifice or venturi 
elements. The pressures developed across the sensing element are measured 
by comparing the outputs of two pressure-measuring devices. Magnetfc flow- 
meters are not at present sufficiently sensitive for molten-salt service . 
because of the poor electrical conductfvity of the saits. 

6.2 Pressure tieasurements -I 

Measurements of system pressures require that transducers operate at a . 
safe margin‘above the melting-point of the salt, and thus the minimum trans- 
ducer operating temperature i,s usually about ZOOoF. 

! 
The.pressure'transducers - 

that are avklable are of twi typks:- ' (1) a pneumatic force-balanced unit and 
(2) a displacement unit in which the pressure is sensed by displacement of a 
Bourdon tub& -or diaphragm. &e pneumatic~force-balanced unit has the disadvan- 
tages that-loss of the instru&ent gas supply (usual&jr air) can result in loss 
of the measurement and that failure of the bellows or diaphragm would open the 
process system to the air supply or to the atmosphere. The displacement unit, 
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bd on the other hand, makes use of an isolating fluid to transfer the sensed 
pressure hydrostatically to.an isolated'low-temperature output element.. Thus,- 

i in the event of a failure of the primary diaphragm, the process fluid.would 
merely mix with the isolating fluid and the closure of the system would be 

. 
unaffected. 

6.3 Temperature Measurements 

Temperatures in the range of 800 to 1joO'F are commonly measured with 
Chromel-Alumel thermocouples or platinum-platinum-rhodium thermocouples. !l!he 
accuracy and life of a thermocouple in the temperature -range of'interest are 
functions of the wire size, and, in general, the largest possible thermocouple 
should be used. Either beaded thermocouples or the newer, magnesium oxide- 
insulated thermocouples may be used. 

6.4 Liquid-level Measurements 

Instruments are available for both on-off and continuous level measure- 
ments. On-off measurements are made with modified automotive-type spark plugs 
in which a long rod is used in place of the normal center condu&tor of the 
spark plug. In order to obtain a continuous level measurement,:the fluid head 
is measured with a differential pressure instrument. The pressure required to 
bubble a gas into the fluid is compared with the pressure above the liquid to 
obtain the fluid head. Resistance probe and float types of level indicators 
are available for use in liquid-metal systems. 

6.5 Nuclear Sensors ' 
Nuclear sensors for molten-saltreactors are similar to those of other 

reactors and are not-required-to withstand high temperatures. Existing and 
well-tested fission, ionization, and boron ~trifluoride thermal-neutron detec- 
tion chambers are available for -installation at all points essential to reactor 
operation. Their disadvantages of limited life can be countered only by dupli- 
cation or.replacement, and-provisions &an be'made for this. 'It should be 

. 
pointed out that-the relxgtiveiy large, negative , temperature coefficients of 
reactivity provided by.most &culating-fuel reactors, make'these instruments 

l unessential to the routine ojkak.on of the reactor. 



PART 6 

BUILDUP OF NUCLEAR POISONS AND I"0116 OF CHEXICAL PROCESSING 

Even though nearly pure or  $35 is  used as the i n i t i a l  fuel 
f o r  a reactor, undesirable products qu ick ly  build up as a result of 
the fission process. 
sion sp l i t s  into two "fission product" elements. 
are nuclear poisons t o  varying degrees that depend on the i r  atomic 
number and mass and on the mean neutron energy of the reactor. 
ond source of poison is  the even-numbered isotopes of uranium, which 
are not fissionable. A certain dount  of 3% is fed, along with the 

even i n  highly enriched uranium, and as the 835, w i t h  i t s  high 

First, each uranium nucleus that undergoes fis- 

The fission products 

A sec- 

neutron absorption cross section, is  burned out, the percentage of 
u 2 s  rises. 

fissionable isotopes results i n  radiative 'capture of the neutrons, and, 
instead of fissioning, the next higher uranium isotope 
i s  formed. 
these undesirable constituents build up so that  changes i n  neutron 

Similarly, a certain fraction, a, of the captures in the 

236) or U 

It is  necessary t o  examine the rates and extent t o  which 

economy may be understood and so that desirable chemical reprocessing 
rates may be determined. 

1. BUILDJP OF EVEN-MASS-NUMBER URANIUM ISOTOPES 

The buildup of U 232, u234 9 U236, and 8% as nonfissionable iso- 
topic diluents in U233 and u235 is, as stated above, significant i n  
fuel cycle economics. 
fec t  the neutron baJ.ance significantly, i t s  hard-gamma-emitting 

Although U232 does not build up enough t o  af- 

dau te r s  are produced fast enough t o  be a biological hazard i n  the - 

handling of $3' and thus adversely affect the resale value of the 
l?33.1 It has been assumed that a molten-salt reactor w i l l  process 

1. A. T. Gresky and E. D. Arnold, Products Produced i n  Continuous Neutron 
Irradiation of Thorium, om-1817 (Feb. 6,  1956) 
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and burn all the U233 it produces, hence the U232 problem has not been 
considered in detail.* 

233 RadAative captures in Pa 
tion of the U233 with t?$. 

and I?" lead to isotopic contamina- 
With no processing to separate these 

isotopes, and none seems feasible, the U2 34 builds up until it is be- 
ing produced and burned at the ssme rate. Based on cross sections 
for neutrons at a velocity of 2200 m/set, as taken from BIG325 

((f;3 = 532, a23 = 0.10,a24 = 92), a thermal reactor at steady state 
would have -58s as much $34 as v233, with T334 capturing tig$ as 
many neutrons as ri?33 . In the epithermal molten-salt reactor de- 
scribed in part 1 and hereafter called the reference-design reactor 
(a23 /v 0.16, ,;3/a$z 4.67)) the steady-state v2y" concentra- 
tion is ~75s of the U233 concentration, with U234 sbsorptions equal 
to &14$ of the U2j3 absorptions. Neutron capture in $9 produces 
fissionable IF35 , but capture in thorium would be preferable, since 
U233 is a better fuel than U235. 

Radiative capture in $35 yields U236 , which xnay be considered 
to be an isotopic poison, since neutron absorption in U 236 effective- 
ly yields Np237 instead of a fissionable isotope. Inathemal reac- 
tor (a25 = 0.19, @$5 = 582, rE6- N 7.5), the $' 36 would build up 
until it was present to the extent of 415 times the 8moullt of 
with U2 36 

$35, 
capturing d/16$ as many neutrons as $'35. Normally, in 

any actual thermai reactor, resonance captures in I?" will reduce 
'the steady-state ratio of t?36 to U2 35 to less than 15. In the epi- 

25 thermal referenceldesign reactor (a 26 

the U2 36. wouldbu$.ldup o&yto 
'v 0.4, zg5/>a N 1*3), 

-5O$ oftheU235 at steady state, 
but at that point'the U 236 I would be capturing &30$ as many neutrons 
as u235 : . .Isotopic separation of U235 and lJ2Tp may be feasible,in a 
power reactor economy because of &.large amounts,involved and be- 
cause-it is ,~rtant in a breeder-converter econom. Separation in 
a separate'cascade would c'ost.at least nine times as much as separa- 
tion of U235 and-U29, but by feeding the U235-U236 m&ure,into 

. 
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existing cascades (either by adding top stages or accepting lower pro- 
duction rates) less expensive processing probably could be achieved. 
A study of the gaseous-diffusion problem is being made, and an analysls 
of its bearing on the nuclear fuel cycle has been reported. 293 A t  present, 
the government buy-back prices for 
lution'with U 234 and 8j6 as for 3%. 

include the same penalty for di- 
It has been assumed in the ref- 

erence-design reactor that buildup must be tolerated. This is 
probably a realistic assumption, since the rUel becomes a mixture of 
83293y4'5' 6r8. The assumption would be pessimistic, however, for 
another type of feasible molten-salt reactor which would burn 835 in 
the core and which would make 
sold externally at a premium price for another molten-salt reactor 
which would burn only U233, since in such a case the could be 
"traded-in" on fresh diffusion plant material when the 836 content 
warranted. 

only in the blanket that would be 

For a steady-state reactor operating with highly enriched $35 
feed (e.@;., 93% 835, 65 U2%, 1% U2j4) without any isotopic reprocess- 
ing, the 8% at steady-state w i l l  capture 6/93'as many neutrons as the 
$35 fed (as distinguished from the U235 built up from U 
In a thermal reactor (d:5 = 694, (fz8 E 2.73) at steady state there 
would be d16 times as much 3% as U235. 

233 da $34) 

In actual thermal reactors 
the 838-to-~235 ratio would not get this large because of resonance 
captures in 8%. 
(da/da -25 d28 - /U 1.5), the U2 only to .-J104 of the 835 
fed (thus in the molten-s is a worse isotopic can- 
tamikt than 8% in amount, number of neutrons captured, and in 
being a poison rather than a fertile material) 

In the reference-design molten salt reactor 

For the reference-design 

2. E. D. Arnold, Effect of Recycle of Uranium Through Reactor and 

Products in Irradiated Power Reactor Fuels? Om-2104 (August 21, 
' Gaseous Diffusion Plant on Buildup of Important Transmutation 

1956) 
3. J. 0.  Blomeke, The Buildup of Heavy Isotopes During Thermal neutron 

Irradiation of Uranium Reactor Fuels, ORNL-2126 (Jan. 11, 1957). 



u molten-salt reactor it was assumed that 8% buildupwouldhavetobe 

accepted. The rea;li~,or pessimism of this,assumption is about the 
same as discussed for! 83 6 intheprf3cedingparagraph. 

2. PROTACTINIUM AND mEpTuNNM POISONING 

Neutron capture in Pa233 or Np23p has the same result as nonfission 

capture in t?33 or PU23pj i .e., a fissionable atom is effectively lost, 
as well as aneutron. Although neutron loss to,Np 237 does not involve 

loss of a fissiouable atom, this loss cau be xuore.important than losses 
to Pa233 and Np2% in reactors fed with highly enriched $35. Although 

neutron capture by any of these three isotopes yields a fertile atom, 
at present prices for fertile a3ld fissile materiels the gain is negli- 
gible campared with the ioss. 

233 The average ratio of neutron captures to beta decays by Pa in a 

reactor is given to a good approximation by: 

-$4 
0.046 ~(1 + ;) ,& --(oh) , 

da 
where 

P's reactor power level, Mw (thermal), 
(1 + i;) = average ratio of absorptions‘to fissions in 

fissile material, 
R = regeneration-ratio, 

M(m) = Inass of thorillm in system, kg; 
The P and 5 .ref& to..'~e~~~~ol~ibys'tem; '1Che'otlier:~riirame;t;ers'can'refer 
eieer t& - &@ dole. s@&$ or' '$6. the &d- '&&: bj&&et "&st~a -s&,&ate,y. 
fn the'~~~~~nce-desigp.moiit~~~sal~..reictor'about l$,o;jT &e;pa233..,aptures 

a neut3.%n~befo$e %t'6ari d&a~',to 
$33;', .,. ;"; 'T,, :, ,:' : : 

-1 ; I,'a $33_v235-'bree~~~-conle~er"reactol;'with hiwy end+ea 
m"lreup, N;23p . - .- -' 

lP5 
poisoning is relatively unimportant, but, if &e breedkg- 

conver~ion~~tio;Ss'~pbor,:~~e,Np237 zpois&& &'~:b&jf,&&~e hi& if 

bid 
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yields may be twice as high as In thermal reactors. 
design molten-salt reactor, processed at the rate of once per year, 

poisoning is zero ini t ia l ly ,  about 0.54 a f t e r  one year, about 
24 after 20 years, and about 2.54 at steady state. 

In the reference- 

3. MSSIOI? PRODUCT POISOMCmG 

A 600-Mw reactor operating at a load factor of 0.80 w i l l  produce 
about 183 kg/yr of fission products. 
f ission products have decay chains such that they appear as -ton 
o r  xenon isotopes w i t h  half-lives of 78 min or  more and thus are sub- 
j ec t  t o  physical removal f r o m  a molten-salt reactor as rare gases by 
purging w i t h  helium or  nitrogen. These "removable" fission products 
contribute about 26% of the t o t a l  f ission product poisoning a t  100 ev. 
(For half-lives of 3 min or  more, the yield and poisoning percentages 
are 30 and 31, respectively. 
values are 44 and 384, respectively.) 

About 22 atom percent of these 

For half-lives of 1 sec o r  more the 
The cosrparable poisoning per- 

centage i n  a thermal reactor is much higher becaue of the very large 
therrnaJ. neutron absorption cross section of Xeljg. 
actor, however, burnout limits the Xe135 poisoning t o  a maximum of 
about 5$, while i n  a resonance reactor adjacent nuclei do not have 
greatly differing cross sections, and burn-out i s  relatively ineffec- 
t ive  i n  limiting t o t a l  poisoning. Thus, t o  a first approximation, i n  
resonance reactors poisoning increases a o s t  l inearly with time if 
fission products are not removed. 

In a thermal re- 

About 26 atom percent of the long-lived fission products are 
rare earths. 
sion product poisoning. 
contributes ~ ~ 4 4 %  of poisoning at 100 ev and comprises a wide variety 

A t  100 ev they contribute about 404 of the t o t a l  fis- 
The remaining -52s of the fission products 

of elements, no one of which is outstanding fromthe nuclear poisoning 
point of v iew.  

In a thermal-neutron U235-bunzer reactor the fission product 

poisoning, sa / fia ,is approximately equal. t o  the equilibrium Xe 
poisoning (O-5$, depending on flux level) plus the equilibrium Sm 

FP u235 135 
249 
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w +poisoning (a1.2&) plus the contribution from sJl other fission pro- 
ducts. From data presented in ORNLGl27 (ref. 4) for thermal U 235 

burners operated at constant power and constant U235 inventory, with 
no fission product removal, the poisoning from "sll other fission 
products" is calculated to be ~3q&at lOO$ burnup (i.e., when the 
total amount of U235 burned is equal to the U235 inventory), rdlg$ 
at lOOO$ burnup, and ~5196 at lO,OOO$ burnup. .Thus it is possible, 
although not necessarily economical, to run a thermsl, fluid-fueled 
reactor for many years without processing the fuel to remove fission 
product poisons. The penalties for not processing would be higher 
65 in ven t ory charges and lower breeding-conversion ratios. At a 
load factor of 0.80, a 600~Mw thermal reactor burns about 218 kg of 
,235 per year (183 kg fissioned, 35 kg converted into 6 

$3 1 J and 
therefore with a 436-Q U235 inventory'the fission product poisoning 
would increase from 0 to 5s initislly and then to 20 to 25s after 
20 years. 

kren in thermal reactors, resonance captures in fission products 
make the poisoning somewhat worse than the numbers given above. The 
magnitude of the extra poisoning depends on the ratio of the-neutron 
flux at resonance energies to the them neutron flux, which is de- 
termined in part by the effectiveness of the moderator. In resonance 
reactors, the fission product poisoning is considerably worse than in 
thermal reactors because of the higher average fission product sbsorp- 
tion cross-section relative to u?? At a load factor of 0.80, a 600~Mw 
reactor using MO-ev neutrons would burn about 275 kg of U235 per year 
(183 kg fissioned, 92 kg converted into U236). In such a reactor with 
an inventory of 550 kg ofJJ235, the fission product poisoning would 
increase approximately linearly from zero, initially, to ~32s after 

-_ 
2 years. 

4.,' J. 0. Plomeke axid‘&P. Todd, UraSum-235.Fission-Product Production 
as a Function of Thermal-Neutron J?lux, Irradiation‘Time, and Decay 
Time, 0~1~x27 (Aug; ‘19, 1957). ’ ‘ 
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33 iJ For I? -fueled reactors, the fission product poisoning is about 
the sane as for $35 i n  thermal reactors, but in the resonance region 

of 2 compared with $35, Thus a 100-ev breeder-converter burning half- 
and-half $33 and $35 would have a fission product poison level of 
~ 6 q &  i f  the fuel were processed at the rate of twice per (1005) burnup. 

The reference-design molten-salt reactor has a median fission 
energy of ~ 1 0  ev, with a105 of the fissions at  thema& energies. 
may be considered, t o  a first approxbmtion, that abotlt one-third of 
the fissions are at thermal energy and about two-thirds are at an ener- 

the higher $33 cross section reduces the poisoning effect  by a factor 5 

~ 

* 

It 

gy of 100 ev, f o r  comparison with the analyses presented above. 
load factor of 0.80, the 6CXhMu reactor w i l l  burn r ~ l O 5  kg of I? 

a125 kg of 
ducts, a13 kg of *%, and -34 kg of $36. 
a rate of three t o  four times per 100s burnup, and the t o t a l  f ission 
product poisoning w i l l  be 6 t o  8s. 

A t  a 
33 and 

per year, and it w i l l  produce .;183 kg of f ission pro- 
It should be processed at 

4 CORROSION-PmIUCT POISONING 

Chemical analyses of fuel mixtures circulated i n  INOR-8 and Inconel 
loops have indicated that the principal corrosion-product poisons,will 
be the fluorides of chromium, iron, and nickel, 
l ight  elements and, per atom, the i r  capture cross sections i n  the reson- 
ance region are lower than those of the fission products. Further, ex- 
trapolations of short-time tests indicate that the concentration of the 
corrosion products w i l l  be much lower than that of the fission products. 
Corrosion product poisoning has therefore been neglected. 

These are relatively 

5.  METHODS FOR CHEMICAL PROCESSING 

The "ideal" reactor chemical processing scheme would remove fission 
products, corrosion products, Pa,233, Np237, and Np239 as soon as they 
were formed. After the Pa233 and the Np2% had decayed t o  $33 and Pu 239 , 
they would be returned t o  the reactor (or  sold), along with the uranium 
and plutonium that would &so be recovered in the process. 
chemical plant would have low capital and operating costs, would hold 

This ideal. 
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'up, only small amounts of fission&le.and other high-priced materials, 
and would discharge its waste streams in forms that could be Lnex- 
pensively disposed of or& possibly, sold as by-products. Present 
technology, however, does not offer such &rl. idesl process for sny 

reactor. 

More practical gosis for processing a molten-salt reactor are 
(1) continuous removal of most of the gaseous fission products by 
purging the fuel with helium or nitrogen gas; (2) an in-line removal 
of rare eak-th, noble met+, or other.fission products by freezing-out 
part of the salt stream, ,plating out fission products on metallic 
surfaces (either naturally,or electrolytically), exchanging the rare 
earths for cerium, or scavenging by contacting the s&t with a solid 
such as Be0 to remove certain constituents of the ssLt by adsorption : 
or exchange3 and (3) continuous or batch removal of the salt from 
the reactor at'an economically optimum rate to separate the uranium, 
plutonium; and.salt from the remaining fission products and corrosion 
products by the least expensive method available. Present technology 
&es not make all these methods immediately availsble, but there is 
reason to expect that continuation of the current development program 
would makethem available in the nineteen-sixties. 

Operation of the Aircraft Reactor Experiment and of molten-salt 
in-pile loops have indicated that gaseous fission product removal 
can be achieved and that Ru; Rb, and Pd plate out on metal surfaces. 
Provisions for dega&ng are included in the molten-salt reactor, 
but at presentthe possible reduction-in fission product poisoning 
as a result of plating out inthe heat exchanger-sand the possible 
reduction of corrosion by-formation.of a protective surface are not 
being considered in economic studies;' gim&arly, possible increases 
in fissionproduct po$so&g as ~a result of the plating out of-noble 
metals in the core are not being.taken into account. 

Methods-forr@o&g ~fissiori products from the salt so that the 
sa3.t can be reused are be&g~investigated~in current research and 
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of HF) i s  scheduled fo r  f i s ca l  year 1959. A block flow sheet of 
the process as adapted fo r  molten-salt reactor fuel reprocessing 

ferred t o  the fluorination vessel i n  batches. Fluorine, diluted 
w i t h  N2, is bubbled through the salt at  450°C u n t i l  i ts U content 
i s  reduced t o  ~ 1 0  ppm, 
fluorinator through a 100°C NaJ? pel le t  bed, which removes the UF6 
from the gas stream, In  the p i lo t  plant the excess F2 is disposed 

plant the fluorine might w e l l  be recycled t o  the fluorination step. 
The uF6 is  desorbed from the Na.F bed by raising the temperature of 
the bed t o  400°C and sweeping it w i t h  more F2-N2. The UF6 then 
passes through a second NaJ? bed and f inal ly  i s  collected i n  cold 
traps at -40 t o  -60°C. 
obtained by isolating the cold traps from the system, heating t o  
above the t r ip l e  point, and draining into the product receiver. 

The uF6, N, and excess F pass out of the 2 

! 

I of by scrubbing it w i t h  a reducing KOH solution, but i n  a production 

The volat i l i ty  plant product i s  l iquid UF6 

- 228 - 

z 

G 



LiF -BeF2(tU,Th, FF’) 
from r,eactor 

I 

w 

LiF-BeF2 
(+Th, >99%FP) 

to salt recovery, 
storage, or waste 

disposal. 

Na F 
Bed 

-I- 

T 
1 

1- F2 Disposal H2 

I NaF 
Bed 

NaF Waste 
Absorption an first r_.. l l  
bed at IOOOC. 
Desorption through 
both beds at 100-4OO0C. Powder Removal System I 1 . 

Product UF4 

1 

H21F2 
Dis osal s r 

Chemical 
Trap 

Fig. 6.1 . Proposed Uranium Recovery Flowsheet for Molten Salt Power Reactor 



Most of the decontamination i n  the volatility process is achieved 
in  the fluorination step, since most of the fission and corrosion pro- 

ducts remain in the salt. ~e volatile contaminants (Xe, Kr, I, Te, Mo, 
most of the Ru, and part  of the and Zr) either pass through the NaF 
bed while the UF6 is  retained or remain on the bed when the Up6 is de- 
sorbed (Nb, Zr). The I, Te, Mo and Ru are removed almost entirely by a 
cold trap, and the remainder is scrubbed out of the gas system along 
with the excess F ~ .  The xe and ~r follow the N~ t o  the plant off-gas 
system. The Nb and Z r  slowly build up on the NaF bed, which is replaced 
when poisoned. Replacement is infrequent, however, because a micrometal- 
l i c  nickel f i l t e r  between the fluorinator and NaF bed removes most of the 
lib and Zr.  9 

3 The ARE fuel was processed in  batches of 1.4 f t  of salt, each batch 
containing tu10 kg of $35 (the capacity of the NaF beds), at the rate of 
two bsrtches per week. !Che not-economically-recoverable uranium losses 
i n  processing the ARF: fuel were approximately O.OL$ in  the waste salt 
and 0.075$ on the NaJ? beds. 

The reference-design molten-salt reactor includes a volatility plant 
approximately the sane size as the ORIL p i lo t  plant. 
uranium processing rate is planned (two 10-kg batches per week through 
the NaF beds), but a higher salt throughput rate (2  f t  /day each of 
f’uel and blanket fluid) w i l l  be used because of the lower uraaium con- 
centration i n  the salt (compared with the ARE salt) .  This higher salt 

throughput rate i s  within the capabilities of the present ORNL pilot  
plant, which  could fluorinate one 1.4 ft batch per shift,  i f  necessary. 
For the molten-salt reactor processing plant, separate fluorinators of 
about 2 ft 
cross contamination and require only one fluorination per day for  each. 

About the same 

3 

3 

3 capacity each f o r  the f’uel and blanket salts will prevent 

The possibility of continuous fluor-tion and the consequent re- 
.duction in the size of the equipment are being considered. 
information needed in the adaptation of the process t o  the particular 
fuel  and blanket salts t o  be used in the molten-salt reactor i s  being 

In  adation, 
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obtained, and simpler means for  reconstituting the reactor feed mater- 
ials are being studied. 

5.2. K-25 Process for  Reduction of UF6 t o  UF4 

The continuous reduction of highly enriched uF6 t o  UF4 i s  well 

proved as a nonradioactive processO5 The process, used and devkoped 
a t  K-25, is indicated in Fig. 601; the UF6 product from the volati l i ty 
process is the feed material. The reduction takes place i n  a UF6-F2-H2 

flame in a Y-Fhaped reactor. The F2 is added to  give the proper flame 
temperature. The reaction products are Up4 and HF-H2 gas. Micrometal- 
l i c  f i l t e r s  m e  used t o  recover any UF4 which nay be entrained in  the 
exit gas. 
the f i l t e r  or tower walls. A chemical trap with a C&04 o r  an NaF 
pellet  bed i s  used t o  recover any uareacted UF6 in the exit gases, 
although the amount so collected is negligibly smalJ. i n  normL oper- 
ation. 

A vibrator is used t o  shake free any UF4 which  c l i n g s  t o  

The HF i n  the exit gas is either scrubbed w i t h  a KOH solution 
spray or sorbed on aa NaF bed. 

This process has not been used a t  a high level of radfoactiv%ty. 
Since the UF6 from the molten-salt reactor volatility plant w i l l  be 
somewhat radioactive, the major activity probably being t?37, a pilot 
plant demonstration w i l l  be required, but no serious difficulties are 
anticipated. 
of the same size as that used in the K-25 faci l i ty  i s  assumed. A fa- 
c i l i t y  of this size would have' excess capacity on a continuous basis, 

but it is assumed that it would be operated intermittently, probably 
on the once-or-twice-a-week schedule used for the discharg ing  of the 
UF6 from the volati l i ty 

>.3e , S a l t  Recoveryby Dissolution i n  Concentrated HF 

For the mlten-salt reactor chemical plant, equipment 

ant NaF beds, 

Laboratory work has been initiated on a process for  recovering L O  

S. H. Smiley and Do C. Brater, "Conversion of Uranium Hemfluoride 
t o  Uranium Tetm$luor$de," Chapter i n  "Process Chemistry, Vole 11," 

' Progress i n  mticlear Energy Series, Pergamon Press ( t o  be published 

5. 
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and BeF2 from contasninated molten-salt reactor fuel by dissolution in 
concentrated hydrofluoric acid ( 7 9 0 s  HF, balance H20). The uranimri 

would first be removed by the mlatility process. Thorium, corrosion 
products, and most of the fission products are insoluble in the sol- 
vent and would be separated by filtration, centrifugation, or other 
solid-liquid separation methods. 
Fig. 6.2. 

The proposed flowsheet is shown in 

Lithium fluoride is quite soluble in anhydrous HF and quite in- 
soluble in H20. By itself, BeF2 is just the opposite, although its 
solubility in HF is significantly increased by first saturating the 
HF with LiF. A s m d l  amount of water in the HF also increases the 
BeF2 solubility markedly. Fluorides and oxides of most of the heavy 
elements and some fission products, including the rajre earths, are 
insoluble in both solvents. 

The solubility of the 63 mole 4 LiF-37 mole $ BeF2 fuel carrier 
salt mixture is greater than 100 g / k g  in @90Q HF. ~n an experiment 
in which mixed fission products (rare earbhg, stmlztiwn, and cesiw) 
were added to the salt mixture and the mixture was dissolved and 
filtered, the salt was decontaminated from rare earths by a factor 
of ~1000; that is; the activity remaining in the salt was 1/1OOO 
of the activity of the mixture prior to dissolution. 
nation from cesium was obtained. The results for strontium were ineon- 
clusive, but the decontamination appeared to be intermediate between 
that from rare earths and that f r o m  cesium.. 

No decontami- 

/- 

bj 

* 

In further studies, fission product and heavy element solubili- 
ties w i l l  be investigated, as well as possible hydrolysis of the 
salt by reaction of the salt with water in the solvent, 
found possible to avoid hydrolysis of the salt by using ashydrous HF 
or to overcome it by treating the reclaimed salt with HF. 

5.4. 

It may be 

: 
Rare Earth RemovaJ. by Exchange with Cerium 

A study of the removal of high cross-section rare earths Prom 

molten-salt reactor fuels by exchanging them for alow cross-section * 
F . 
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rare earth, possibly cerium, has also been initiated, The process 
might be carried out i n  either of two ways. First, the salt might 

be saturated with ~1 mole $ cerium at an elevated temperature, asd 
then cooled t o  within d 3 0 ° C  of the liquidus temperature of the pure 

s a t ,  a t  ~ h i . c h  temperature the rare earul solubility i s  only w 0 . 6 .  

Thus /~80$ of the ceri'rrm would precipitate and c w  with it #SO$ 
of the fission product rare earths. After a solid-liquid separation, 
this process could be repeated, i f  desired, t o  give high-percentage 
removal of fission product rare earths. 
way t o  accomplish the sane end would be to cool the core salt t o  
near i ts  liquidus temperature and contact it with sol id  CeF , prob- 
ably i n  a columnar bed of pellets. In principle, tlie fission pro- 

duct rare earths couldbe exchanged f o r  cerium t o  any desired ext;ent 
in  this manner, depending on the ratio of salt t o  cerium used, the 
pellet size (determining the surface area), and the contact time. 

Second, a pePhaps better 

3 

The attractiveness of the exchange process is enhanced by the 
low absorption cross section of cerium compared w i t h  the 'absorption 
cross sections of most fission product rare earths. This potential 
advantage is reduced somewhat for a reasonable processing rate, in 
that, effectively, several cerium atoms are exchanged for one fission 
product rare earth atom, since the cerium solubility is YV 0.2 mole $ 
near the liquidus temperature, whereas the fission-product rare earth 
concentration in the core salt is only -0,044$ for a'processing rate 
of once per year (and proportionately less f o r  shorter -processing 
periods, as would be desirable given an economical processing method). 
In' the reference-design molten-salt reactor the advantage i s  reduced 
f'urther by the fact that f o r  resonance-energy neutrons the cerium 
cross section is  not as much lower than the cross sections of the 
other rare earths as it is at the& energies (see Table 6.1). mus 
at 100 ev the poisoning due to 0.2$ cerium would .  be equd t o  that from 
fission-product rare earths f o r  a processing rate of once per s ix  
months, Le., the total  would be equivalent t o  fission-product rare 
earth poisoning f o r  a once-per-year processing rate by the volati l i ty 
process 
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Table 6.1. Absorption Cross Sections of Various Isotopes 
at Several Energies+ 

Isotope -ti- 
Fission Absorption Cross Section (bgrns) 

Yie&if (4) at 0.025 ev At 100 ev” At 25 kev 
La- 

Ce140 
Pr141 
c,142 
NdL43 
Ndl& 
NdL4S 
Nd146 

6,6 
4.5 
6.4 
6.2 
599 
5.1 
4.0 
2.1 

ml47 
-147 

Nd'@ 
&pY 
Nd150 
Sml" 
-152 
ml53 
-154 
&55: 
&56 

Gdln 

2.3 
0.w 
1.8 
1.4 
0.7 
0.5 
CL3 
0.1 
0.1 
0.06 
ihO3 
0.02 

Weig?Aed average of 
above 

Nata Ce 

8.4 
0.63 

ll.2 
1.0 

280.0 
4.5 

52.0 
9.2 

60.0 

3.2 
66,0Qo.o 

&El 
1o,ooo.o 

140.0 
420.0 

5.5 
pZpJO.0 

16G,OOO.O 

2,100.O 
O&7 

1o.y 
0.6l 

14.5 
0.64 

12.9 
7.9 

22.8 
7*8 

35.8 
44.4 
3*9 

48,6 
2.8 

%.Ji. 
26.2 
90.2 
20.0 . 
54.6 
35*7 
@*5 

12.0 
0~.6l. 

0,050 
0‘02l 
0.547 
0,425 

0,.860 

0,465 

0.5 
0.069 . 

W.Q25-ev cxvss sect%ons $~oQML-325 md its Sugplment NO, 1; yield-~ 
and UQ-ev umss sections fromP. Greebler, H( Hurwitz, and M. L. Storm, 
Nudee sci., and p3&, 3 j334 (1957)j 25-b+ CPOSS sectioris from R. L. 
MacMAn, OHNL, peTsonal-coation. 
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The cerium exchange processing method would raise the liquiaus 
temperature of the core salt by 30°C or more, and remove plutonium 
and trivalent uranium along with the rare earths. These disadmtages 
do not appear to be serious at present, and the potentiall. advantages 
of this processing method for themal (graphite-moderated) molten-salt 
reactors would seem to justify continued development work. 

5.5. Radioactive Waste Disposal 

load factor of 0.80, a 600-Mw reactor w i l l  produce ~ 1 8 3  kg/w 

of fission products. About 23 w t  $ of the fission products can be re- 
moved as Xe-Kr gases, but the remaining -141 kg/yr must be removed by 
chemical processing. The chemical processing waste streams include 
Fused salt, NaF pellets, F2-N2, and HF-H2 gases, Most of the nongaseous 
fission products remain in the fuel salt residue after fluorination and 
may be stored in this form. Most of the remainbg fission products are 

removed by periodically flushing out the micrometallic filter between 
the fluorinator and the NaF bed and the cold trap between the NaF bed 
and the F2 disposal unit. 
when it becomes poisoned with niobium and zirconi~. 
fission products in the gas streamis are scrubbed out with the F2 and 
HF, or vented to the reactor off-gas system. 

~ 

The NaF bed is replaced infrequently, if and 

Any remaining 

For optimum costs, high-power molten-salt reactors should have 
moderately high inventories of enriched uranium and the fuel should 
be processed about twice per fuel-inventory bmup, a compromise be- 
tween the rate-proportional cost of processing (assumed at present to 
be equal to the cost of buying new salt) and the savings due to im- 
proved regeneration ratio made possible by processinge If a fission- 
able material inventory of 600. kg or more and a fuel processing rate 
of once per year or greater are assumed, and it is considered that 
the fuel salt will be discarded after its uranium l's removed by the 
wlatility process, the waste salt mlume amounts to 600 ft per 

3 3 year or more (about 1 ft /I&-year, or 1 ft /kg of fissionable mater- 
ial processed, or 3 to 4 ft /kg of total fission products). 

3 
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volume i s  quite low in comparison with the wastes of other power 
reactors, for example, STR wastes are higo ft /kg of I f  

in the present aqueous process and ~3 ft /kg of U235 in the proposed 
volat i l i ty  process, and the figures are about 4 times larger on a 
cubic foot per kilogram of f iss ion products basis. 
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