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INTRODUCTION 

This semiannual report i s  a collection of papers that  were presented 
general information meeting on the Molten-Salt Reactor Experiment a t  

the Oak Ridge National Laboratory, August 18 and 19, 1964. It describes 
the design and construction of the Experiment, .the related research and 
development, and i s  intended t o  bring the reader up t o  date on the status 
of the general technology of molten-salt thermal-breeder reactors. 

Previous progress reports of the Molten-Salt Reactor Program are 
l i s t ed  below: 

OENL-2474 Period Ending January 31, 1958 
ORNL-2626 
ORNL-2684 
ORNL-2723 
ORNL-2799 
om-2890 
ORNL - 2973 
ORNL-3014 

ORNL-3122 
ORNL-3215 

Period Ending October 31, 1958 
Period Ending January 31, 1959 
Period Ending April 30, 1959 
Period Ending July 31, 1959 
Period Ending October 31, 1959 
Periods Ending January 31 and April 30, 1960 
Period Ending July 31, 1960 
Period Ending February 28, 1961 
Period Ending August 31, 1961 

ORNL-3282 
ORNL-3369 
ORNL - 341% 
ORNL -35 29 
Om-3626 Period Ending January 31, 1964 

Period Ending February 28, 1962 
Period Ending August 31, 1962 
Period Ending January 31, 1963 
Period Ending July 31, 1963 

ME PLACE OF MOLTEN-SALT HEACTO THE PROGR&L, - 
"9 rprc 

E. E. Sinclair 

This meeting was organized so tha t  interested parties may learn about 
the status of molten-salt reactor technology and inspect the Molten-Salt 
Reactor Experiment (MSRE) before it goes into operation. 
the MSm i s  just  about ready f o r  prenuclear operation, and the timing for  
th i s  meeting was selected w i t h  that  fact  i n  mind. 

As you know, 
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As a representative of the Atomic Energy Commission, which i s  sup- 
porting the development of molten-salt reactor technology, I have agreed 
t o  describe "the place of molten-salt reactors i n  the AEC program." As 
a matter of fact, t h i s  i s  very easily done by reference t o  the 1962 AEX 
Report t o  the President, which delineates the objectives of t h i s  Nation's 
reactor development programs. 
range future (i.e., the development of breeders which w i l l  W l y  u t i l i ze  
nuclear resources), the Report states i n  part: "Although breeding i n  the 
thorium-uranium 233 cycle can build upon experience gained with l e s s  ad- 
vanced reactors ... vigorous and specific effor ts  w i l l  be required t o  a t -  
t a i n  breeding on a significant scale. Both fuel  and blanket systems must 
be pushed. Attention should be directed a t  methods of continuous removal 
of f ission products, including the use of f luid fuels (such as Fused ura- 
nium salts) and blanket materials. 
breed must be bui l t  and operated. 
years, the program wi l l  achieve the stage where operating prototypes w i l l  
be appropriate ." 

In  discussing the program for  the long- 

Experimental reactors designed t o  
Hopef'ully, within the next several 

From t h i s  statement and the AEC support of the molten-salt program 
here a t  OHNL, it i s  evident tha t  the AEC looks t o  molten-salt reactor 
technology f o r  the near-term accomplishment of breeding on a significant 
scale i n  the Th-233U cycle. 
molten-salt technology could not be developed for  f a s t  breeding i n  the 
uranium-plutonium cycle, and perhaps th i s  w i l l  someday be done. The s a l t  
system that  has been developed here, however, quite naturally lends i t s e l  
t o  thermal breeding i n  the Th-233U cycle; and it i s  the objective of t h i s  
program t o  develop and demonstrate a reactor system which w i l l  exploit 
t h i s  capability. 

There is, of course, no obvious reason why 
, 

Although the forthcoming operation of the MSRE w i l l  not achieye t h i s  
objective alone, it i s  an exceedingly important and necessary step toward 
the goal. The MSRE, being a s m a l l  single-region machine; i s  not designed 
t o  breed, but it does t i e  a l l  the pertinent technology developed thus far 
together into a relatively simple operating system. Its operation i s  ex- 
pected t o  supply the information and confidence needed t o  proceed with 
the next and, perhaps final,  step of the demonstration program: the de- 
sign, construction, and operation of a two-region thermal breeder suffi- 
ciently large t o  permit scale-up t o  commercial sizes. 

It would  be wishrul thinking t o  suppose that  there w i l l  be no "bugs" 
i n  the MSRE as designed and built .  
suggests that  there w i l l  be bugs or minor d i f f icu l t ies  unfomseen i n  de- 
sign or  caused by errors i n  construction. 
or l e s s  expected. It i s  also possible that  operation of the MSRE wil l  
uncover some t ruly unexpected major problems. 
any, because the technology base tha t  has been worked out for  the MSRE 
i s  very broad and thorough. I n  my view the MSRE i s  much better off i n  
th i s  respect than has been the case for  some past reactor experiments. 

The history of reactor development 

These are unwanted but are more 

I personally do not expect 
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Today and tomorrow, th i s  technological base which has been developed 
for  the MSHE w i l l  be explained i n  detail.  
impressed as I am, by the broad coverage, yet thoroughness, of the devel- 
opments tha t  have been conducted here a t  O m .  I venture t o  predict tha t  
there w i l l  be another information meeting here i n  the not too distant 
future t o  introduce the operation of a molten-salt breeder prototype. 
hope t o  see you a l l  here a t  that  time. 

I hope you are as favorably 

I 

MOLTEN-SALT POWER HEACTORS AND TBE ROLF: OF TEE3 
I N  THEIR DEVELOPMENT ra=- 

R. B. Briggs 

Realization of a system that  makes full use of the potential energy 
i n  thorium t o  produce cheap e lec t r ic i ty  i s  the primary mission of reactor 
development a t  the Oak Ridge National Laboratory. 
an eff ic ient  breeder system. 
step i n  the development, but an advanced converter does not reach the 
goal. No matter how good the conversion ratio,  i f  it i s  significantly 
l e s s  than 1, the amount of uranium that  must be mined t o  make up the def- 
i c i t  i n  fissionable material i s  greater than the amount of thorium tha t  
must be mined t o  compensate for  the thorium converted t o  233U and burned. 
For example, i f  the conversion ra t io  i s  0.90, the 235U from 20 tons of 
natural uranium w i l l  be burned with each ton of thorium consumed. Even 
with a conversion ra t io  of 0.99, the 235U from 2 tons of uranium must be 
supplied with each ton of thorium. 

That system must be 
An advanced converter may be a worthwhile 

One feature of the Th-233U f’uel system i s  that  breeding should be 
possible with thermal and intermediate reactors as well as with fast re- 
actors. 
breeders; so we have chosen t o  emphasize them i n  our program. Our studies 
lead us t o  believe that  molten-salt reactors are the most promising of 
the several possible thermal breeder reactors for  achieving a satisfactory 
breeding gain and producing cheap electricity.  

Our estimate’ of the breeding performance of a two-fluid, graphite- 

Many technical and economic factors combine t o  favor the thermal 

moderated thermal breeder i 6  shown i n  Table 1. 
losses are known with less  accuracy than the numbers imply, but the table 
was prepared t o  show some of the smaller losses and t o  balance. 

The neutron yields and 

We see tha t  the uranium and thorium concentrations and the ra t io  of 
uranium t o  carbon atoms can be adjusted t o  obtain a good balance between 
the neutron yield and the parasit ic absorptions i n  moderator and i n  car- 
r i e r  salts. This leaves a net of about 12 neutrons per 100 neutrons ab- 
sorbed i n  fuel  for  production of excess 233U. The losses t o  233Pa can 



Table 1. Performance Estimate for  Molten-Salt Breeder Reactor 

Fuel salt ccanposition, mole $ 
maaket salt ccanposition, mole $ 
Moderator-fuel ratio, N(c)/N(u) 
Volume fraction of File1 s a l t  in core 
Volume fraction of f e r t i l e  salt in core 
lhorium inventoly, metric tons for  

Fertile stream cycle t i m e ,  days 
Fuel stream cycle time, days 
~ota 2 3 3 ~ ~  2 3 % ~ ~  ana 2 3 3 ~ 8  inventory, 

Net neutron yield, Te 
Neutron losses: 

1000 MW (e lectr ical)  

43 

233U absorptions 
235U absorptions 

233Pa absorptions (X2) 
236v absorptions 
237Np absorptions 
13~Xe absorptions 
Sm absorptions 
Other fission product absorptions 
Corrosion product absorptions 
Moderator absorptions 
Fuel carrier absorptions 
Thorim carrier absorptions 
Loss Of delayed neutrons 

Leakage 
chemical processing losses 

\ 

232111 fission 

Net breeding gain 
Net fuel  yield, $ per full power year 

0.4UF4-63LiF36.6BeF2 
15ThF4-67Ld*18BeF2 

5100 
0.16 

o.on 0.070 0.069 0.068 0.068 0.066 0.065 0.066 
270 140 

35 35 35 50 100 200 200 50 
ll 23 31 55 55 72 84 50 
880 860 860 900 1020 1220 1220 880 

2.2137 2.2131 2.2128 2.2120 2.W5 2.2103 2.2097 2.2095 

0.9172 0.9150 0.9139 0.9ll.l 0.9095 0.9053 0.9034 0.9021 
0.0828 0.0850 0.0861 0.0889 0.0905 0.0947 0.0966 0.0979 
0.0019 0.0019 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 
0.0120 
0.0106 
0.0004 
0.0050 
0.0001 
0.0218 
0.0008 
0.0291 
0.0284 
0.0177 
0.0043 
0.0016 
0.0022 
0.0778 
8.6 

O.Oll7 
0.0115 
0.0010 
0.0050 
0.0001 
0.0267 
0.0008 
0.0286 
0.0302 
0.0199 
0.0043 
0.0016 
0.0022 
0.0676 
8.0 

O.Oll6 
O.Oll9 
0.0010 
0.0050 
O.ooo1 
0.0317 
0.0008 
0.0286 
0.0302 
0.0198 
0.0043 
0.0016 
0.0022 
0.0622 
7.3 

O . O l l 3  
0.0132 
0.0008 
0.0050 
0.0002 
0.0422 
0.0008 
0.0287 
0.032 
0.0196 
0.0043 
0.0016 
0.0022 
0.0501 
5.6 

o.oll2 
0.0140 
0.0008 
0.0050 
0.0003 
0.0442 
0.0008 
0.0287 
0.0291 
0.0195 
0.0043 
0.0016 
0.0022 
0.0480 
5.0 

0.0108 
0.0164 
0.0010 
0.0050 
0.0005 
0.0532 
0.0008 
0.0287 
0.0301 
0.0192 
0.0043 
0.0016 
0.0022 
0.0347 
2.8 

0.0106 
0.0176 
0.00ll 
0.0050 
0.0005 
0.0631 
0.0008 
0.0287 
0.0301 
0.0190 
0 0043 
0.0016 
0.0022 
0.0232 
1.9 

0.02l4 
0.0165 
0.0010 
0.0050 
0.0003 
0.0478 
0.0008 
0.0287 
0.0301 
0.0192 
0.0043 
0.0016 
0.0022 
0.0288 
3.4 
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be kept low by providing an ample inventory of thorium. 
products must be kept low, and t h i s  can be done by processing the fissile 
and f e r t i l e  streams on short cycles - cycles tha t  would be prohibitively 
expensive i f  they involved storage, shipment, dissolution, extraction, 
and refabrication of solid fuel elements, b u t t h a t  should be acceptably 
cheap i f  they involved only simple on-site physical and chemical separa- 
t ions from liquid f'uels and blankets. 

We can readily obtain a breeding gain and &el yield of 5$, a spe- 
c i f i c  power of 1 Mw (electr ical)  per kilogram of f i s s i l e  material and 
4 Mw (electr ical)  per metric ton of thorium. I n  the studies from which 
the data i n  Table 1 were taken, we assumed tha t  233Pa could not be sepa- 
rated easily from the f e r t i l e  stream; thus we were limited t o  rapid re- 
moval of 233U by the fluoride volat i l i ty  process. 
dence tha t  233Pa i n  very low concentration can be separated from the 
f e r t i l e  stream on solid adsorbents. With developments such as  t h i s  and 
use of the shorter fuel cycles, we should be able t o  push the breeding 
gain t o  €I$, the yield t o  lo$, and the specific powers t o  about 2 Mw (elec- 
t r i c a l )  per kilogram of f i s s i l e  material and 10 Mw (electr ical)  per metric 
ton of thorium. 
i s t i c s  equal t o  the more conservative ones l i s t ed  above w o u l d  be an ac- 
complishment of major importance. 
i s t i c s  w o u l d  be an outstanding achievement. 

Losses t o  f iss ion 

Our chemists have evi- 

Any type of breeder reactor with performance character- 

One with the more advanced character- 

Our belief that  molten-salt reactors can produce cheap e lec t r ic i ty  
i s  founded, i n  part, on favorable estimates of costs for  conce tua l  de- 
signs - fuel  costs2 of 0.5 t o  1.5 mills/kwhr and capital costsgn4 of $125 
t o  $145/kwhr. These estimates were made several years ago and were equal 

l a t e r  development, technical or economic, that  should adversely affect  
the outlook for  molten-salt reactors. 

. to, or less than, those for  competitive systems. We have observed no 

The costs for  a large molten-salt reactor really cannot be estimated 
accurately enough t o  be the primary basis for developing a new reactor 
system. To develop a power reactor technology i s  a long and expensive 
business. 
only i f  it has basic characteristics which give it considerable long-term 
promise. 
there must be potential for  bettering the competitive position through 
improvements which lead t o  larger unit  power output, higher themnal e f f i -  
ciency, and better ut i l izat ion of fuel. Molten-salt reactors have these 
important basic characteristics. 

A new type of reactor merits consideration for  such development 

Early large-scale versions must produce competitive power, but 

Low capital  costs are promoted by the following characteristics. 
Fuel and blanket s a l t s  have vapor pressures below 1 atm up t o  2600°F, and 
they have good heat-transfer and fluid-flow properties. 
reactors are low-pressure, high-temperature heat sources, and units can 
be designed t o  supply steam t o  one or more of the largest  modern turbine- 
generator sets. The sa l t s  do not undergo violent chemical reactions with 
a i r  or with a variety of coolants. 
purged continuously. These characteristics, when combined with the low 
pressure, can be used t o  simplim containment. 

Thus, molten-salt 

Volatile f ission products can be 
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b -  Uranium, thorium, and plutonium fluorides are sufficiently soluble 
i n  appropriate carrier salts for  the fuel and blanket liquids t o  be true 
solutions. The solubility increases w i t h  temperature, so the solutions 
are thermally stable; they are also stable t o  radiation. 
need t o  resort t o  s lurr ies  or t o  provide equipment f o r  recoabining decom- 
position products. 

There i s  no 

The fuel solutions generally have a high negative temperature co- 
eff ic ient  of reactivity. Xenon-135 can be removed continuously. Fbel 
can be added while the reactor i s  a t  full power by means of relatively 
simple equipment. Only a s m a l l  amaunt of excess reactivity must be con- 
trolled. These attr ibutes should lead t o  simplified nuclear control and 
safety systems . 

Several characteristics promote low fuel  costs. The good radiation 
s tab i l i ty  permits long burnup where desirable. On the other hand, there 
are no fuel elements t o  fabricate, the reactors can be designed for  good 
neutron econcmy, and the f luids  can be handled conveniently; so we have 
the opportunity t o  remove bred material and f iss ion products on short 
cycles and t o  obtain good breeding ratios a t  l o w  cost. For example, the 
fluoride vola t i l i ty  process can be used t o  remove 233U from the fluoride 
salt of a thorium breeder blanket without otherwise changing the liquid. 

Low operating costs are obtained by building large uni ts  tha t  operate 
continuously. Materials are available t o  contain the salts at  high tem- 
perature w i t h  l i t t l e  corrosion. Well-designed equipment, carefully fab- 
ricated of these materials, should require l i t t l e  maintenance. 

Same characteristics of the salt systems tend t o  make the cost high. 
Since the salts m e l t  a t  850 t o  950°F, we must make provision for  preheat- 
ing the reactor equipment t o  a high temperature before the salts are ad- 
mitted and we must prevent them from freezing. We must provide an inter-  
mediate heat-transfer system or  a specially designed steam generator t o  
keep water from coming i n  contact with the salt and t o  isolate the reactor 
from high pressure i n  the event of a leak. 
ing i s  not violent; but hydrogen fluoride i s  generated and it i s  corro- 
sive. Also, zirconium and uranium oxides precipitate from the salts i n  
contact with moisture. 

The chemjcal reaction on mix- 

Lithium fluoride i s  a constituent of f'uel and blanket salts, and the 
separated isotope 7Li must be used t o  obtain low parasit ic absorption of 
neutrons. Stainless s tee l  and Inconel w i l l  contain the s a l t s  satisfac- 
t o r i l y  a t  1000 and possibly 1200'F, but more expensive materials must be 
used at  higher temperature. Re- 
fractory metals -molybdenum and niobium - and graphite appear t o  be the 
best container materials for  higher temperatures. 
coated or otherwise specially processed t o  have low permeability t o  salt 
and gaseous f iss ion products. 

INOR-8 i s  preferred a t  1300 t o  1500'F. 

The graphite must be 

c 

Since the reactors involve the handling of large quantities of mobile 

Also, the equipment i n  the circulating systems becomes radioactive 
f iss ion products, some special precautions must be taken i n  the contain- 
ment. 
and must be serviced by remote maintenance methods. 

s 

C '  b 
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We believe that  the advantages of molten-salt reactors can greatly W 
outweigh the disadvantages i n  well-designed and well-developed plants. 
When demonstrated, they should assure the molten-salt thermal breeders a 
prominent place i n  our nuclear power industry. 

briefly some general features of a molten-salt thermal breeder reactor. 
Typical compositions of fuel and blanket s a l t s  for  the breeder are shown 
i n  Table 2. They consist of uranium and thorium fluorides dissolved i n  
a lithium fluoride-beryllium fluoride carrier salt . 
fluoride t o  obtain mixtures With low liquidus temperatures and lithium 
fluoride t o  obtain good f luid properties. Fluorine, beryllium, and 7Li 
a l l  have low neutron absorption cross sections, and the fluorides offer 
advantages i n  processing the fuels. 

With the preceding as an introduction, I would l ike  t o  discuss 

We use beryllium 

Although these sa l t s  have moderating properties, additional moderator 
i s  required t o  make a thermal reactor. 
ator because it can be used i n  direct  contact with the salts ,  thus elimi- 
nating the need for  a low-cross-section cladding material. 
not wet graphite and wi l l  not enter the pores a t  pressures as high as 
200 psi  i f  the pore openings are less  than about 0.4 p i n  diameter. An 
experimental grade of graphite that  sa t i s f ies  t h i s  requirement was ob- 
tained for  the E R E ;  additional development and improvement of that  ma- 
t e r i a l  should produce one that  would meet a l l  the requirements of a large 
power reactor. 

Graphite i s  the preferred moder- 

The salts do 

The costs of the sa l t s  should be compared with those of other reactor 
Typical coolants costs are a few cents per cubic foot for  H20; materials. 

$l.20/ft3 for helium a t  500 psi; $12/ft3 for  sodium; $92/ft3 f o r  lead; 
$l10/ft3 for  a heat-transfer s a l t  composed of lithium, sodium, and potas- 
sium fluorides; and $ l @ O / f t 3  for D2O. Fuels cost about $3500/ft3 for  
natural uranium oxide, $45,000/ft3 for  a 2.2$ enriched uranium oxide for  
a boiling or pressurized-water reactor, and $320,000/ft3 f o r  a U02-Pu02 
mixture i n  a large f a s t  breeder. The costs for  fuels do not include fab- 
rication. Thus we see that  the f'uel salts are relatively cheap f'uel mix- 
tures, but they are expensive heat-transfer f luids and must be used e f f i -  
ciently. 

A concept of a two-fluid breeder reactor5 i s  shown i n  Fig. 1. We 
generally favor t h i s  type, i n  which the fuel i s  pumped through the reactor 
core and then through external heat exchangers. The core can be made com- 
pact without the necessity f o r  providing large mounts of heat-transfer 
surface i n  a small volume, and it can be made almost entirely of high- 
purity graphite. The heat exchanger can be made compact and efficient 
and of the most corrosion-resistant materials without regard for  t he i r  
neutron cross sections. Gaseous fission products can be stripped from 
the circulating fuel rapidly and continuously t o  hold the lo s s  of neutrons 
t o  135Xe t o  a very low level. 
the circulating fuel dictate that  the components be closely coupled. 

The cost and the high radiation level of 

Figure 1 represents a reactor that  would produce 1200 Mw of heat for 
generating 500 Mw of electricity.  The reactor has a core about 8 f't i n  
diameter by 8 ft high, completely surrounded by a 3-rt-thick blanket of 



Table 2. Compositions, Properties, and Costs of Typical Fuel and Blanket Sal ts  

Core of Two-Region Blanket of Two-Region 
Breeder Breeder 

Mole $ W t  $ $/e3 Mole $ W t  $ $/ft3 

Salt  constituent 

UF4a (74$ 233u and 23%) 4200 0.3 2.7 13,700 
5.50 15 64 770 

16 63 48.0 920 67 24 840 
180 

15,000 1790 
- 7 36.7 49.3 410 18 12 

Density, lb / f t3  120 220 

Liquidus temperature, OF 850 930 
Heat capacity, Btu ft'3 ("F)'l 

T h e m  conductivity, Btu ft-l hr-l ("F)'l 
65 

3 

65 

3 

Viscosity a t  1200°F, l b  ft-l hr-l 20 15 

Fissile material values a t  $5450/lb. a 

bLithium-7 (99.996$) values a t  $55/lb as LiOH. 

c 

co 
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f e r t i l e .  salt . 
blanket and the reactor vessel. 

A 1-f’t-thick graphite reflector i s  installed between the 

The core i s  an assembly of graphite prisms 7-1/2 in. square and about 

The fuel  salt 
8 ft long. 
passages of circular cross section about 5 in.’in diameter. 
flows i n  bayonet tubes of impermeable graphite which are inserted in to  
these vertical  passages. 
in. thick and they are brazed t o  a metal plenum. 
in. ID with walls 0.25 in. thick. 
by mechanical joints  since some leakage of fuel  can be tolerated a t  t h i s  
point . 

The corners of adjacent prisms are’machined t o  form vertical  

The outer tubes are 3.75 in. I D  with walls 0.5 
The inner tubes are 2.4 

They are joined t o  the inner plenum 

The graphite-moderator assembly i s  supported by graphite structural  
members i n  the blanket. The annulus between the fuel tubes and the mod- 
erator and the regions between the core and the reactor vessel are f i l l e d  
with blanket fluid, which i s  maintained a t  a sl ightly higher pressure than 
tha t  of the fuel  stream. I f  a leak develops, f e r t i l e  material w i l l  enter 
the f i e 1  stream, and the reactivity w i l l  decrease. 

Fuel salt enters the core from the in l e t  plenum a t  1125’F, passes 
down through the annulus i n  the bayonet tubes, r ises  through the inner 
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Fig. 1. Molten-Salt Breeder Reactor. 
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tubes, and i s  discharged a t  an average temperature of 1300'F. It i s  col- 
lected i n  the outlet plenum and passes up through a duct t o  the impeller 
chamber of the pump, then through the heat exchanger, and back t o  the re- 
actor inlet. Changes i n  volume of the fuel are accommodated i n  the space 
i n  the pump tank above the impeller. The f l a w  rate  of the fuel i s  U,OOO 
a m .  
cooled and sodium-cooled reactors with the same e lec t r ica l  output. The 
maximum velocity i n  the graphite tubes i s  25 f'ps, and the maximum temper- 
ature i s  1400'F. 

This i s  one-third t o  one-half the flow rate  specified for  water- 

The blanket salt i s  pumped through an external heat exchanger a t  a 
The temperatures are about the same as those for  the rate of 5000 gpm. 

fuel stream. 

The coolant salt (a mixture of lithium, potassium, and sodium fluo- 
rides) i n  an intermediate c i rcui t  i s  pumped through the fuel  and blanket 
heat exchangers a t  a ra te  of 50,000 gpm (entering a t  950'F and leaving 
a t  1100'F) and then through steam generators, superheaters, and reheaters. 
The steam cycle can be varied over a considerable range t o  suit local con- 
ditions and the preference of the user. 
steam temperature t o  1050°F, and the pressure has been varied between 1800 
and 3500 psi. With one stage of reheat and several stages of feedwater 
heating, the net thermal efficiency i s  i n  the range of 42 t o  45%. 

I n  our studies, we have held the 

Reactors of t h i s  general configuration can be conceived with multiple 
pumps and heat exchangers and heat outputs much greater than 1200 Mw. 
Our engineers estimate tha t  as much as 5 Mw of heat (equivalent t o  2 Mw 
of e lec t r ic i ty)  can be extracted from the reactor for  each cubic foot of 
fie1 salt i n  the reactor core and heat-removal systems.6 
performance l ike t h i s  are the goal of the thermal-breeder development and 
can be bui l t  when we learn tha t  the graphite structures and the heat ex- 
changers w i l l  operate for  many years without maintenance. 

Plants with high 

Early versions of the breeder may have t o  sacrifice some i n  perform- 

One such concept 
ance i n  order t o  make use of lower flow velocities and more conventional 
equipment and t o  provide better access for  maintenance. 
of a 2400-Mw reactor i s  sham i n  Figs. 2 and 3. The graphite region i s  
about 12 f t  square by 15 ft high. 
7-3/4 in. square over a 10-ft length i n  the center and are reduced t o  5 
in. i n  diameter over the end sections. The reduced sections are i n  the 
end blankets. 
Fuel salt flows through 3-1/2-in.-diam holes i n  the centers of the bars, 
up through one bar and down through an adjacent bar i n  the same module. 
Pipes which are brazed t o  the bars are connected t o  concentric i n l e t  and 
outlet headers a t  the bottom of each module. The in l e t  headers are welded 
or brazed into a plenum i n  the bottom of the reactor vessel, and the out- 
l e t  header i s  connected by a mechanical joint. The modules are fixed and 
supported by the piping a t  $he bottom and are guided by a grid a t  the top. 
We show access t o  the bottom of the reactor from a subpile room for  making 
the connections. However, the center bar of each module has no f i e 1  chan- 
nel and can be withdrawn separately from above. Our experience with re- 
mote and semiremote maintenance gives us assurance tha t  tools can be de- 
vised t o  make and break the joints f r o m  e i ther  end. 

It consists of graphite bars that  are 

Groups of nine bars are assembled into 2-ft-square modules. 
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The graphite structure i s  contained i n  a reactor vessel that  i s  about 
20 f t  in diameter and 25 f t  high. 
t o  the vessel wall. 
the space between the core and the reflector are f i l l e d  with blanket sal t .  
The atmosphere over the blanket i s  heliun or argon. 

A graphite reflector i s  installed next 
The inters t ices  of the core and the reflector and 
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The reactor vessel i s  centered i n  a 36-ft-dim containment vessel. 
Heat exchangers, pumps for  fuel and blanket salts, and heaters are in- 
s ta l led i n  the annulus, with access f r a  above for  maintenance. 
tainment vessel i s  insulated and surrounded by concrete shielding. 

The con- 

I n  an arrangement such as t h i s  we can a t ta in  a performance of 2.5 Mw 
of heat (1 MM of e lec t r ic i ty)  or better per cubic foot of fuel  sal t .  

The reactors become high-performance breeders when they are directly 
connected t o  processing plants tha t  can remove low concentrations of bred 
materials from the blanket salt and fission products from the fuel salt 
a t  moderate cost. I n  fact, our early enthusiasm for  the molten-salt re- 
actor as a breeder was based largely on the development of the fluoride 
vola t i l i ty  process - a process that  makes it economically feasible t o  
hold the inventory of 233U t o  a very low level i n  a molten-salt blanket. 

A flow diagram7 of a processing scheme for  a molten-salt breeder re- 
actor i s  shown i n  Fig. 4.  
by sparging the fuel salt with helium i n  the pump bowl. 
passed thruugh charcoal beds, where the fission products are absorbed and 
the helium i s  recycled t o  the reactor. 

Kry-pton and xenon are removed i n  the reactor 
The off-gas i s  

UNCLASSIFIED 
ORNL-LR-DWG 546774 

SPENT FUEL 

I 
ThF4 MAKEUP 

He SPARGE 1 r-OFF-GAS (Xe,Kr,He) 

HF DISSOLUTION 

FISSION PRODUCTS 

SALT DISCARD TO 
REMOVE SOLUBLE 

UF4 FISSION PRODUCTS 

Fig. 4. Fuel Processing Cycles for Molten-Salt Breeder Reactor. 



Side streams of fuel  and blanket salt are removed from the reactor 
for  processing i n  a f ac i l i t y  a t  the reactor s i te .  
blanket charges, respectively, are processed i n  10 t o  60 days ( 3  t o  15% 
burnup of f i s s i l e  material) and 35 t o  200 days (equivalent t o  300 t o  1700 
Mwd per metric ton of exposure) t o  obtain the corresponding breeding gain 
shown i n  Table 1. The UF4 
i s  converted t o  volati le uF6 and swept out of the fluorinator. 
i s  then reduced back t o  uF4 with hydrogen i n  a flame reducer and returned 
t o  the reactor. 

The complete fuel  and 

The fuel salt i s  first treated with fluorine. 
The uF6 

The uranium-free salt, containing f iss ion products, i s  dissolved i n  
9oqd hydrofluoric acid. Rare earths and zirconium salts are insoluble and 
are separated by f i l t ra t ion.  The solution containing l i t h i u m  and beryl- 
l i u m  fluorides and same soluble fission products (principally Cs ,  Hb, Sr, 
Ba, Te, Se, Nb, Cd, Ag, and Te) i s  evaporated t o  dryness. 
salt i s  discarded t o  r id  the system of the soluble f iss ion products, and 
the rest i s  melted, combined with the recovered uranium, and returned t o  
the reactor. 

Part of the 

The blanket salt i s  fluorinated t o  remove the bred uranium as the 
hexafluoride, sparged with helium t o  remove traces of fluorine, and re- 
cycled directly t o  the blanket. 
occurs i n  the blanket, the fission-product-removal step is  unnecessary. 
The fission product poison level i s  controlled by replacing the blanket 
salt on a 20-year cycle. 
stream i n  this process; i t s  concentration r i ses  un t i l  the decay rate  
equals i t s  production rate. Loss of neutrons t o  protactinium i s  con- 
t rol led by adjusting the volume of the f e r t i l e  salt. 

Since such a small fraction of fissions 

Protactinium is  not removed from the f e r t i l e  

The uF6 from the f e r t i l e  stream fluorinator i s  reduced t o  UFI,  with 
hydrogen and blended with the fuel  stream for recycle t o  the reactor. 
Excess production i s  sold. 

Because the methods outlined above involve only minor chemical ma- 
nipulations t o  the bulk of the salts, we believe tha t  they will permit 
us t o  achieve high conversion rat ios  and low fuel  costs i n  plants of 1000- 
Mw (e lectr ical)  capacity and possibly i n  smaller plants. 
methods may w e l l  be superseded by even better ones. 
tha t  the 233Pa precursor of 233U can be adsorbed from the blanket salt 
and the effect  of th i s  on the reactor performance. 
M. J. Kelly, one of our chemists, has shown that  the carr ier  salts can 
be separated from rare-earth f iss ion products by vacuum dis t i l la t ion.  
This proanises t o  be a substantial improvement over the HF dissolution 
method and has other important implications regarding methods of operating 
and controlling the reactors. 

However, these 
We mentioned ea r l i e r  

Within the past month, 

Except for  the fluoride volat i l i ty  process, we have been discussing 
reactor and processing concepts. 
basic technology i s  develuped for  us t o  convert them into authentic engi- 
neering designs . 

Concepts have real value when enough 
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Molten-salt reactors are not entirely new. Much of the i r  technology 

A proof-of-principle experiment with molten-salt fuel  - was developed here a t  ORM; i n  1951to  1958 i n  the Aircraft Nuclear Pro- 
pulsion Program. 
the Aircraft Reactor Experimnt - was bui l t  and, i n  1954, operated suc- 
cessfully for  several hundred hours a t  1200 t o  1500°F, with periods of 
nuclear operation at power levels as high as 2.5 Mw. But a large power 
breeder reactor differs  i n  many ways from an a i rc raf t  power plant. The 
fuels and some materials must be different t o  obtain good breeding ratios. 
The power levels must be considerably higher; methods must be available 
f o r  processing fuel  and blanket s a l t s  efficiently; and costs are important. 
On the other hand, the weight and size are not restricted. 
producing power for  a modern turbogenerator can operate a t  considerably 
lower temperature than a power plant for  a supersonic aircraft .  
compactness i s  a virtue but not a necessity. 

A reactor for  

Extreme 

Research and development f o r  civil ian power reactors was undertaken 
i n  1957. By 1960 enough favorable experimental results were obtained t o  
indicate tha t  a molten-salt thermal breeder should be feasible, but tha t  
experience with an operating reactor was essential t o  prove the feasi- 
b i l i t y*  A t  abmt t h i s  same time the importance of breeding t o  the long- 
range ut i l izat ion of nuclear fuels, and particularly t o  the ut i l izat ion 
of thorium, was gaining increased attention. 
potential of the molten-salt reactors, the i r  capacity t o  use the heat 
eff ic ient ly  t o  produce electricity,  and i n  the characteristics that  should 
permit t h i s  t o  be achieved a t  low cost led the Atomic Energy Commission 
t o  authorize design and construction of the Molten-Salt Reactor Experiment 
(MSRE) i n  the summer of 1960. 

Interest  i n  the breeding 

The MSKE i s  needed t o  investigate some essentials of chemistry, ma- 
te r ia l s ,  engineering, and operation of the molten-salt reactor concepts. 
The major physics questions are related t o  uncertainties i n  the breeding 
ratios. 
large plant. 

They can f inal ly  be resolved only by a material balance over a 

The central problem of the thermal breeder reactor i s  t o  prove the 
The graphite must have sui tabi l i ty  of graphite for  the core structure. 

low permeability t o  s a l t  and fission products; it must have long l i f e  
under reactor conditions; and it must be obtainable i n  large size. I n  
1960 t h i s  kind of graphite was a laboratory curiosity. Procurement of 
material for the MSRE was a step i n  development of graphite for  large re- 
actors. 
the long-term compatibility of graphite with sa l t s  and structural  material 
i n  the reactor environment. 

Operation of the MSRE wi l l  provide us with essential  data about 

We know a great deal about the chemistry of molten salts i n  the ab- 
sence of radiation and have some knowledge of radiation effects. 
complex environment of a power reactor cannot be duplicated i n  a simple 
capsule or in-pile loop. Operation of fuel  and blanket s a l t s  i n  a reactor 
i s  essential  t o  the investigation and demonstration of the i r  compatibility 
with graphite and structural materials under radiation. The predicted 
behavior of f iss ion products must be confirmed, and the i r  distribution 
i n  the reactor systems must be established. 

But the 
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INOR-8 (Hastellay N or Inco 806), a new nickel allay containing 1@ 
molybdenum, '7$ chromium, and 4$ iron, was developed specifically t o  have 
good strength and t o  contain reactor fuel  and blanket salts with l i t t l e  
corrosion a t  high temperature. This i s  a preferred material for  molten- 
salt power reactors. Experience i s  needed with the construction of re- 
actor components and piping and with the behavior of commercial materials 
during long exposure i n  a reactor plant. 

The practicali ty of molten-salt reactors depends on our abi l i ty  t o  
We maintain the radioactive equipment by remote o r  semiremote methods. 

have had considerable experience with maintenance of radioactive equipment 
i n  aqueous homogeneous reactors, but the problems encountered depend very 
much on the types of fuels and materials used i n  the reactors and on the i r  
interactions. 
tems t o  establish c r i t e r i a  for  the design of large reactors. 

We need some experience wi$h radioactive molten-salt sys- 

The salts i n  the reactor equipment and piping must be kept molten 
a t  a l l  times. 
some fission products have accwrmlated i n  the sal ts .  However, heaters 
wi l l  be needed for preheating the systems and for maintaining the high 
temperatures i n  the absence of fission product heat. 
ence with the design, operation, and maintenance of heating equipment for 
radioactive systems . 

This should be easy i n  a l l  but the steam generators a f te r  

We require experi- 

Finally, we need general operational experience with a molten-salt 
reactor i n  order t o  establish the c r i t e r i a  f o r  the design of a practical  
power plant. We cannot predict the detailed behavior of the plant and 
equipment or the day-to-day problems tha t  can ar ise  with i t s  operation 
and with the containment of radioactivity or the numerous s m a l l  improve- 
ments that, i n  to ta l ,  can greatly simplif'y the operation and increase the 
confidence i n  a new device. 

We have designed, developed, and are now preparing t o  operate the 
A MSRE t o  t e s t  much of the technology of the thermal breeder reactor. 

flow diagram for  the reactor systems i s  shown i n  Fig. 5. 
produces 10 Mw of heat while operating a t  1200'F. 
the system i s  5 psig a t  a free surface i n  the pump bowl. 
pumped at a ra te  of 1250 gpm through the shell  of the heat exchanger and 
through the reactor vessel. 
f'uel passes through the core i s  50'F a t  10 Mw. 

The reactor 

Fuel s a l t  i s  
The base pressure i n  

The average increase i n  temperature as the 

A coolant salt i n  an intermediate c i rcui t  circulates through the 
tubes of the heat exchanger t o  remove heat f r o m  the fuel. 
dissipated t o  the atmosphere i n  an air-cooled radiator. 
i s  not an objective of this experiment, so we have included no power-gen- 
eration equipment . 

The heat i s  
Power recovery 

Drain tanks are provided for  storing fuel and coolant salts when the 
reactor i s  not operating. 
the primary shutdown mechanism. 

Drainage of the fuel  t o  the storage tank i s  
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Fig. 5. MSRE Flow Diagram. 

A drawing of the reactor vessel i s  shown i n  Fig. 6. The vessel i s  
about 5 ft i n  diameter and 8 ft high, including the nozzle on the top. 
The core i s  an assembly of graphite bars 2 in. square by 5 f t  long. 
sa l t  circulates i n  direct  contact with the graphite through channels ma- 
chined i n  the sides of the bars. Three control rods operate i n  thimbles 
installed through the access nozzle. A channel i s  also provided for ir- 
radiating graphite and metal specimens i n  salt i n  the core. 
length core bars can be withdrawn by removing the thimble assembly. 

Fuel 

Five f'ull- 

A l l  equipment tha t  contains salt i s  made of INOR-8. The graphite 
i s  a new material tha t  sa t i s f ies  many of the requirements for  graphite 
for the breeder. A l l  vessels and pipes tha t  contain salts are heated. 
Considerable design and development e f for t  was spent i n  making essential  
equipment replaceable 

An elevation of part  of the MSRE building i s  shown i n  Fig. 7. 
reactor vessel, pump, and heat exchanger are instal led i n  one cell .  
drain tanks are i n  an adjoining cel l ,  
ondary containment and w i l l  be sealed when fuel  i s  i n  the reactor. 
coolant system i s  i n  a shielded area. 
are controlled, but no other secondaw containment i s  necessary. 

The 
The 

These cel ls  constitute the sec- 

Ventilation and access t o  the area 
The 
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The MSRE i s  primarily an experiment i n  reactor technology. We re- 
a l ize  the importance of the f'uel and blanket processing t o  achievement 
of the final goal but have chosen t o  prove the feasibi l i ty  of the reactor 
systems before proceeding with development of some of the processing con- 
cepts. 
reactor s i t e  for fluorinating and hydrofluorinating the f'uel. 
ment i s  being installed i n  a c e l l  adjacent t o  the drain tank. 

However, it proved t o  be advisable t o  i n s t a l l  equipment a t  the 
This equip- 
We believe 
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Fig. 7. Elevation of Part of MSE Building. 

tha t  i t s  use w i l l  help considerably t o  demonstrate the advantages of on- 
s i t e  processing for l iquid fuels. 

The MSHE was f i t t e d  in to  an existing building; the reactor was in- 
s ta l led i n  an existing containment vessel tha t  was modified t o  provide a 
f l a t  top. The drain tank c e l l  and some other areas are new, but most of 
the f ac i l i t y  was modified only slightly for  the MSRE. 
some compromises i n  the design and an instal la t ion so compact as t o  give 
some the impression of complexity. The power level was held t o  10 Mw as 
a sensible maximum fo r  an experiment; but c r i t i ca l i t y  considerations dic- 
tated the size of the reactor vessel, and the size of the reactor vessel 
dictated the flow rate  of the fuel. Except for  the amount of heat-trans- 
f e r  surface i n  the heat exchanger and radiator, t h i s  small instal la t ion 
i s  more nearly representative of a 4.0- t o  60-Mw reactor. 

This resulted i n  

. 
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Suppose that  good operation of the MSRE and detailed engineering 
studies of large plants give convincing evidence of the promise of molten- 
salt reactors for  breeding and producing low-cost power. Where do we go 
from the MSRE? Three areas need special attention i n  progressing t o  large 
power breeder plants: 
work; (2) the fuel and blanket processing must be brought t o  a satisfac- 
tory stage of development; and (3)  large-scale equipment must be developed 
and operated. 
the fuel  and blanket processes should be done i n  a modification of the 
MSHE or i n  a thermal breeder t e s t  faci l i ty .  
molten-salt reactors t o  be useful, and they w i l l  be useful when operated 
by a u t i l i t y  t o  produce power. 

(1) the graphite core structure needs additional 

Pilot-plant demonstration of elements of the core and of 

But, primarily, we want 

We believe tha t  the MSRE can be followed by a power reactor proto- 
Much of the large equipment can be modeled afier equipment being type. 

developed for  sodium reactors. The graphite development and the process- 
ing development do not have t o  be complete. A reactor similar i n  design 
t o  the concept shown i n  Fig. 2, but with graphite throughout the blanket, 
can be fueled with a mixture of the fuel  and blanket sal ts ,  shown i n  Table 
2, t o  make a one-fluid advanced converter reactor. 
require very l i t t l e  i n  the way of processing t o  have very low fuel  costs. 
It could be used t o  t e s t  graphite elements as well as other major equip- 
ment for  the breeder. 
install ing proved graphite assemblies i n  the core and additional f ac i l i -  
t i e s  for  processing fuel  and blanket streams. Such a prototype i s  the 
keystone of any plan for  making an early prof i t  on the e f for t  invested 
i n  the development of molten-salt reactors. 

This reactor wou ld  

It could eventually be changed in to  a breeder by 

Up t o  t h i s  point we have mentioned only the thermal breeder and a 
possible precursor (the advanced converter) and the relationship of the 
MSHE t o  them. However, there are other interesting and important ossi- 

and plutonium may become very cheap i n  the future and tha t  a molten-salt 
reactor with i t s  high thermal efficiency and simple fuel  wou ld  be ideal 
for  burning t h i s  material i n  s m a l l  reactors t o  generate 50 t o  250 Mw 
(electrical) .  P. R. Klasten has proposed the development of an interme- 
diate breeder reactor with the molten-salt fuel cooled internally by the 
molten-salt blanket. 

b i l i t i e s  for  molten-salt reactors. J. A. Lane has suggested tha t  Lu 

For many years f a s t  reactors with molten-salt fuels have been judged 
t o  be impractical. 
prohibitive. 
the salt temperature was too high, or too much structural material was 
required. E. S. Bettis has suggested molten lead as a direct-contact 
coolant for  molten-salt reactors. 
very high specific power i n  large f a s t  reactors. 
have shown molten lead t o  be irrrmiscible and unreactive with fluoride and 
chloride salts. 

The inventory i n  externally cooled versions was  always 
Internally cooled designs had too low a specific power, or 

He has proposed some designs t o  achieve 
Preliminary experiments 

None of the reactors that  have received serious consideration i n  the 
past have made use of the Rzll high-temperature potential of the molten- 
salt fuels. There i s  no need t o  go t o  temperatures above 14.00°F i n  the 
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reactors t o  provide the highest temperature steam that can be used t o  ad- 
vantage i n  today's steam cycles. However, A. Fraas8 suggested tha t  the 
potassium vapor cycle being developed for  space applications should one 
day be a good topping cycle for the conventional steam cycle t o  raise the 
thermal efficiency t o  about 55%. He proposed a molten-salt reactor op- 
erating a t  about 1900'F as a good heat source for  the combined cycle. 

To propose that  the MSRE w i l l  solve all the problems of a l l  these 
reactors w o u l d  be t o  exaggerate. 
actor and with the handling of the fuels w i l l  apply t o  all.  
countered problems i n  building the reactor and wi l l  encounter more i n  
start ing and operating it. 
and construction gives us f 'ull  confidence tha t  we have a good reactor. 
We expect the MSRE t o  provide an impressive beginning for the development 
of a variety of useful power reactors. 

But most of the experience with the re- 
We have en- 

However, our experience with the t e s t  loops 
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Introduction 

The Molten-Salt Reactor Experiment (MSRE) i s  a circulating fuel, 
graphite-moderated, single-region reactor designed for  a heat generation 
rate  of 10 Mw. The fuel emplays a molten mixture of lithium, beryllium, 
and zirconium fluoride s a l t s  as  a solvent for  uranium o r  thorium and ura- 
nium fluorides. 
passages i n  the graphite core, and heat i s  transferred fromthe fuel  salt 
t o  a similar coolant s a l t  i n  a shell-tube heat exchanger. 
heat i s  dissipated t o  a i r  i n  an a i r  blast  radiator. Since power recovery 
i s  not an objective of t h i s  experiment, no electr ic  power generation 
equipment i s  utilized. 

Heat generation occurs as the fuel flows through machined 

Finally, the 

It i s  intended i n  t h i s  section t o  give a general description of the 
design of the MSRE systems, pointing out the most salient features and 
presenting data of general interest ,  and to describe the major features 
of the reactor and f ac i l i t y  construction. The reader having interest  i n  
a more detailed exposition of the MSRE design i s  referred t o  ORNL-TM-728, 
Molten-Salt Reactor Experiment, Part I, Reactor Design. 

Description of MSRE Equipment and Process 

The simplified drawing i n  Fig. 1 shows the general arrangement of 
major equipment items. The primary fuel system consists of the reactor 
vessel i n  which heat i s  generated, a heat exchanger fo r  transfer of heat 
from fuel  salt t o  coolant salt, a sump-type centrifugal pump for  circu- 
la t ing the fuel sa l t ,  and connecting piping. 

The secondary coolant system consists of a coolant-salt pump, a ra- 
diator i n  which heat i s  transferred from coolaat salt t o  a i r ,  and piping 
which connects the pump, heat exchanger, and radiator. 

Both the primary and secondary systems are connected t o  drain tank 
systems for  storage of the fuel, coolant, and flushing salts. 

Reactor Vessel and Graphite Core 

The reactor vessel i s  a 5-f't-dim, 8-ft-high tank containing a 55- 
in.-dim by 6&in.-high graphite core structure. 
the reactor i s  shown i n  Fig. 6, p. 18. 
and the graphite core are presented i n  Table 1. 

A cutaway drawing of 
Design data for  the reactor vessel 



5 

I 

; w  

. 

. 
F 

b 

. 

I 

L, 
. 
t 

23 

A t  the design point of 10 Mw (thermal) the fuel s a l t  enters the flow 
distributor near the top of the vessel a t  1175OF and 20 psig. The fuel 
then spirals  downward i n  turbulent flow through a 1-in. annulus between 
the vessel w a l l  and the core can, cooling the vessel wall t o  within 5°F 
of the bulk temperature of the entering fuel salt. Straightening vanes 
welded t o  the bottom head of the reactor vessel remove the rotational 
component and direct  the fuel upward i n  laminar flow through the 0.4- by 
1.2-in. channels machined i n  the 67-in.-long graphite bars of the core 
matrix. There are about 1140 of these flow passages i n  which heat i s  
generated by the fissioning of the 235U constituent of the fuel sa l t .  

When filled, the core, having a nominal volume of 90 ft3, contains 
20 ft3 of fue l  salt and 70 ft3 of graphite. A t  10 Mw, with no fuel  ab- 
sorbed by the graphite, 1.4 Mw of heat i s  generated i n  the fuel  outside 

i 
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Table 1. Reactor Vessel and Core Design Data and Dimensions 

i 

Construction material 

In le t  nozzle, sched 40, in., iron pipe 

Outlet nozzle, sched a, in., iron pipe 

Core vessel 

size 

size 

OD, in. 

ID, in. 

Wall thickness, in. 

Overall height, in. ( to  center l ine  
of 5-in. nozzle) 

Head thickness, in. 

Design pressure, psi  

Design temperature, OF 

Fuel in le t  temperature, OF 

Fuel outlet temperature, OF 

In le t  

Cooling annulus ID ,  in. 

Cooling annulus OD, in. 

Graphite core 

Diameter, in. 

Nwnber of &el channels (equivalent) 

Fuel channel size, in. 

Core container 

ID, in. 

OD, in. 

Wall thickness, in. 

Height, in. 

INOR-8 
5 

5 

59-118 (60 in. max) 

58 
9/16 
100-314 

1 

50 
1300 
1175 
1225 
Constant area 

distributor 

56 
58 

e 

55-114 
1140 
1.2 x 0.4 (rounded 

corners ) 

55-112 
56 

114 
68 

c 
.) 
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the nominal core volume, 0.6 Mw i s  generated i n  the graphite, and 8.0 Mw 
i s  generated i n  the fuel  within the core, giving an average power density 
of 14 &/l i ter  i n  the nominal core. The maximum power density i s  calcu- 
lated t o  be 31 kw/liter. 

The thermal conductivities of both the fuel s a l t  and the graphite 
are such that, even with laminar f low,  the maximum graphite temperature 
i s  only about 60°F above the temperature of the adjacent fuel. The nu- 
clear average and maximum temperatures of the graphite are estimated t o  
be about 1255 and 1300°F respectively. 
hottest  channel i s  about 1260'F. 
top of the reactor a t  1225°F and 7 psig. 

The fuel ex i t  temperature i n  the 
The mixed fuel  leaves the plenum a t  the 

A lO-in.-diam access port on top of the reactor vessel i s  designed 
t o  permit the insertion of graphite and metal samples and three 2-in.-diam 
thimbles for control rods into the core a t  the region of highest neutron 
flux. The control rod poison elements are composed of short l-in.-diam 
cylinders of Inconel-clad gadolinium oxide, assembled on a flexible In- 
cone1 hose t o  permit passage around two bends that  form an offset i n  each 
thimble. 
combined worth of 6.7$ Ak/k. 
sec, normally limited t o  one rod a t  a time, the change i n  reactivity i s  
0.04$ (AJs/k)/sec. 
0.5 in./sec causes a change i n  reactivity of 0.09$ (Ak/k)/sec. 
t r o l  rods and rod drives are cooled by circulation of ambient ce l l  atmos- 
phei'e through the flexible hoses and the thimbles. 

The control rods have an individual worth of 2.s Ak/k and a 
A t  the maximum withdrawal rate of 0.5 in./ 

Simultaneous insertion of the three rods a t  a rate of 
The con- 

Fuel Pump 

A sump-type centrifugal pump, shown i n  Fig. 2, having a vertical  
shaft with an overhung impeller, takes i t s  suction directly from the re- 
actor. The impeller rotates a t  1160 rpm t o  discharge 1200 gpm a t  a head 
of 49 f t  of fluid. 
shaft, and the complete assembly i s  about 8 f t  high. The pump and motor 
are hermetically sealed t o  prevent the escape of volati le f ission products 
t o  the reactor cell .  

normal expansion volume for the fuel sal t .  Gas-bubbler-type level indi- 
cators are used t o  accurat 
surface i n  the pump bowl. 
i s  located beneath the pump and i s  connected t o  the gas space above the 
free surface of the fuel i n  the pump bowl. 
normally used, i t s  volume i s  sufficient t o  provide for  the free expansion 
of the fuel salt under a l l  emergency conditions. 

The 75-hp drive motor i s  directly coupled t o  the 

The 36-in.-diam pump bowl serves both s the pump sump and as the 

determine the position of the free f lu id  
overflow tank having a volume of 5.5 ft3 

Although t h i s  tank i s  not 

A sampling and enriching system, located i n  a hot ce l l  i n  the high- 
bay area above the reactor, i s  connected directly t o  the pump bowl and 
provides means fo r  extracting a 10-g sample of salt f o r  analysis or adding 
90 g of fuel  t o  a l t e r  the fuel concentration or t o  compensate for  fuel 
burnup. 
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About 65 gpm of the pump output is  recirculated i n  the pump bowl t o  
f ac i l i t a t e  the release of entrained or dissolved gases from the salt. 
These gases, containing highly radioactive xenon and krypton, are carried 
t o  the off-gas disposal system by about 200 ft3/day (SW) of helium flow- 
ing through the gas space of the pump bowl. 
a cover gas t o  exclude a i r  and water vapor from the salt. 

This helium also serves as 

A sealed external pumping system supplies oil t o  lubricate the ba l l  
bearings and rotary seals on the pump shaft and t o  remove heat, generated 

UNCLASSIFIED 
ORNL- LR- DWG-56043-AR 
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Fig. 2. Cross Section of MSKE Fuel Pump. 
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by f r ic t ion or nuclear radiation, from metal parts not cooled by the sa l t .  
The helium purge enters the pump below the lower shaft seal. A small part  
of it flows upward t o  sweep out o i l  vapor leaking through the seal, and 
the remainder flows downward along the shaft t o  the pump bowl, preventing 
the radioactive gases from reaching the o i l .  
enters the off-gas system. 

The l a t t e r  flow eventually 

The d r i v e  motor and the pump rotary assembly are separately remov- 
able. 
sembly, i f  required. 

This fac i l i t a tes  remote removal and replacement of the rotary as- 

Primary Heat Exchanger 

The horizontal shell-and-tube heat exchanger shown i n  Fig. 3 i s  about 
16 in. i n  diameter and more than 8 f t  long. 
by O.O@-in.-wall U-tubes a proximately 15 f t  long, with an effective heat 
transfer surface of -254 f t  . 
discharged by the f i e 1  pump flows through the shell  side, where it i s  
cooled from 1225 t o  1175'F. The coolant s a l t  circulates through the tubes 

It contains 159 1/2-in.-OD 

s A t  the 10-Mw performance level the s a l t  

UNCLASSIFIED 
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a t  850 gpm, entering at  1025'F and leaving a t  llOO'F. 
heat exchapger tube failure, it is  desired that  leakage be from coolant 
t o  fuel. 
pressure than the tube side. 

In  the event of a 

So the shel l  side of the primary heat exchanger i s  at lower 

The shel l  side contains 25$-cut cross-baffles on 12-in. spacing t o  
achieve cross flow through the shell.. 
laced i n  two directions through spaces between the triangular-pitched 
tubes t o  eliminate tube f l u t t e r  and vibration. 
i s  placed on the downstream side of the shell  entrance nozzle t o  prevent 
direct  impingement of the high-velocity s a l t  stream upon the tubes. 

INOR-8 spacing bars are t ight ly  

A flow-impingement baffle 

The most significant design data for  the primary heat exchanger are 
presented i n  Table 2. 

Coolant Pump 

The coolant s a l t  i s  circulated by a sump-type centrifugal pump iden- 
Major differences are the elim- 

The pump has both float-type and gas-bubbler-type level indicators 

t i c a l  i n  most respects t o  the fuel  pump. 
ination of provisions for removal of radioactive gases and the overflow 
tank. 
i n  the pump bowl. 
l ivers  850 gpm a t  a head of 78 f t  of fluid. 

"he pump is  driven by a 75-hp, 1750-rpm motor and de- 

Radiator 

Heat transported by the coolant s a l t  i s  discharged t o  a i r  i n  the ra- 
diator shown i n  Fig. 4. Seven hundred square feet  of cooling surface i s  
provided by 120 tubes, 0.75 in. i n  diameter by 30 f t  long, arrayed i n  10 
banks, each containing 12 tubes. The tubes i n  each bank are butt-welded 
a t  both ends t o  c m o n  headers which are i n  turn connected t o  larger f l o w  
distribution and collection headers a t  the entrance and ex i t  ends. 

Cooling a i r  i s  supplied t o  the radiator by two 250-hp axial  blowers, 
having a combined capacity of 200,000 c k .  A t  a power level  of 10 Mw, 
the salt enters the radiator a t  XLOO'F and leaves a t  1025'F, resulting 
i n  a cooling-air temperature r i s e  of 200'F. To guard against freezing 
of the s a l t  i n  the radiator tubes, quick-closing doors, automatically ac- . 
tuated upon sudden reduction of reactor power, are providedto shut off 
the a i r  flow, and the radiator i s  heated by banks of e lec t r ic  heaters in- 
side the enclosure. 
f'ully open and f'ully closed, and remotely actuated dampers can be adjusted 
t o  bypass air around the radiator t o  regulate the heat removal rate. 

The doors can be adjusted a t  any position between 

Pertinent design data for the MSRE radiator are given i n  Table 3. 

Drain Tank Systems 

Four tanks, with associated piping, heating and cooling equipment, 
and valving, are provided for  safe storage of the salt mixtures when the 
fuel- and coolant-salt circulating systems are not i n  operation. A fi l l-  
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Table 2. Design Data f o r  F’rimary Heat Exchanger 

INOR- 8 Construction material 

Shell-side f luid Fuel salt 
Tube - side fluid 
Layout 

Tube pitch, in. 0.775 triangular 
Active shell length, ft -6 

Heat load, MM 10 

Coolant s a l t  
25$ - cut cross -baf f led 

shell  with U-tubes 
Baffle pitch, in. 12  

Overall shel l  length, ft -8 
Shell diameter, in. 16 
Shell thickness, in. 1/2 
Average tube length, f t  14 

Tube size, in. 
Effective heat transfer surface, ft2 

Fuel salt holdup, ft 3 

b + Number of U-tubes 159 
1/2 OD, 0.042 wall 
-254 

6.1 
Tube-sheet thickness in. 1 4 2  

De sign temperature, F 
Shell side 1300 
Tube side 1300 

Design pressure, psig 
Shell side 55 

Shell side 75 
Tube side 125 

Shell side 800 
Tube side 1335 

Fuel salt 1225 inlet; U75 outlet 
Coolant 1025 inlet; 1100 outlet  

90 a Tube side 
Allowable working pressure, psig 

Hydrostatic t e s t  pressure, psig 

T e d n a l  temperature, OF 

Effective log mean temperature 133 
difference, OF 

Pressure drop, psi  
Shell side 24 
Tube side 29 

Nozzles 
Shell, in. (sched a) 5 
Tube, in. (sched 4.0) 5 

Fuel-salt flow rate, gpm 
Coolant-salt f l a w  rate, gpm 

1200 (2.67 cfs)  
850 (1.85 cfs)  

Based on actual thicknesses of materials and stresses allowed by a 

ASME: Code. 
td 
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and-drain l ine connects two f’uel-salt drain tanks and one flush-salt tank 
t o  the reactor vessel. ,One drain tank i s  provided for  the coolant sal t .  

During operation, s a l t  i s  held i n  the fuel and coolant systems by 
means of freeze valves. In  simplest form, a freeze valve consists of a 
flattened section of pipe, associated heating and cooling devices, and 
instrumentation which permit freezing and melting a s a l t  plug as required 
for modula ted  f low.  

Table 3 .  Radiator Design Data 

Construction material 

Duty, Mw 
Temperature differentials,  O F  

Sal t  

Air 

Air flow, cfm a t  9.9 in. H2O 

Salt f l o w  (a t  average temperature), gpm 

Effective mean AT, OF 

Overall coefficient of heat transfer, 

Heat transfer surface area, ft2 

Design temperature, F 

Maximum allowable internal pressure 

Operating pressure a t  design point, psi  

Tube diameter, in. 

Wall thickness, in. 

Tube length, ft 
Tube matrix 

Tube spacing, in. 

Row spacing, in. 

Subheaders, in., iron pipe size, sched 4.0 

Main headers, in., I D  (1/2 in. w a l l )  
Air side AP, in. of H2O 

Salt side Ap, psi  

Btu ft-2 hr-’ (OF)-’  

a t  1250°F, psi  

INOR-8 

10 

Inlet  1100; outlet 1025 

Inlet  100; outlet 300 

200,000 

830 

862 

58.5 

706 
1250 

350 

75 
0.750 
0.072 

30 
12 tubes per row, 10 

rows deep 

1-1/2 

1-1/2 
2-1/2 

8 
9.9 

19.8 



. 32 

Provisions have been made for  remotely cutting the drain tank piping 
a t  preselected points for  the removal of components, and for  making brazed 
joints a t  those points. 

A fuel-salt drain tank i s  shown i n  Fig. 5. The tank i s  50 in. i n  
diameter and 86 in. high. 
noncritical geometry a l l  the s a l t  that  can be contained by the fuel-salt 
circulating system. 
circulated cooling system, capable of removing 100 kw of fission product 
decay heat by boiling water i n  32 bayonet tubes tha t  are inserted i n  thim- 
bles i n  the tank. 

I ts  80-ft3 volume is  sufficient t o  hold i n  a 

The tank i s  provided with a low-pressure, gravity- 

The flush-salt tank i s  similar t o  the fuel-salt tank, except that  
it has no thimbles or cooling system. 
position t o  fuel  sal t ,  but without f i s s i l e  or f e r t i l e  materials. 
used t o  wash the fuel-salt circulating system before fuel  i s  added and 
af te r  fuel i s  drained, and the only decay heat i s  from the small quantity 
of f iss ion products that  it removes from the equipment. 

New flush salt i s  similar i n  com- 
It i s  

The coolant-salt tank resembles the flush-salt tank, but it i s  4.0 in. 
i n  diameter by 78 in. high and has a volume of 50 ft3. 

The tanks are provided with devices t o  indicate high and low levels 
and with weigh ce l l s  t o  indicate the weight of the tanks and the i r  con- 
tents  with sufficient accuracy t o  determine the quantity of s a l t  i n  the 
circulating system a t  any t i m e .  

Piping and Flanges 

The major components of the fuel-salt and coolant-salt circulating 
systems are interconnected by %in. sched 4.0 piping. The fill-and-drain 
l ines  are 1-1/2-in. sched 4.0 pipe i n  which the freeze valves are located. 

Since equipment and techniques have not been developed for  remote 
welding of piping, special flanges are used i n  the fuel-salt circulation 
system t o  permit removal and replacement of radioactive components. 
flanges, designated freeze flanges, u t i l i ze  a ring of frozen fuel salt 
between the flange faces t o  prevent l iquid leakage and a conventional 
0-ring-type, helium-buffered, leak-monitored joint  t o  prevent the escape 
of fission-product-contaminated gases. 

These 

Heating Equipment 

A l l  the components and connecting piping i n  the s a l t  circulating 
systems are heated electr ical ly  t o  maintain a l l  portions of the system 
above the salt liquidus temperature of 84.0 t o  850'F. The equipment i s  
preheated before salt i s  added, and the heaters are continuously ener- 
gized during reactor operation t o  ensure that  there i s  no uncontrolled 
freezing of the s a l t  i n  the piping and that  the salt can be drained when 
necessary. The t o t a l  capacity of the heaters is about 1930 kw; however, 
the actual power load i s  l e s s  than half of this .  Normally, the power i s  
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supplied by TVA lines; however, about 300 kw can be provided by the diesel  
e lec t r ic  emergency power supply. 

The heaters used are generally of three types: (1) molded ceramic 
units with embedded Nichrome elements, (2) Inconel-sheathed tubular 
heaters with Nichrome elements and magnesium oxide electr ical  insulation, 
and (3) resistance heating of the pipe wall by connecting the pipe across 
the secondary taps of low-voltage, high-current transformers. Most heat- 
ing units i n  the reactor and drain tank ce l l s  can be replaced, i f  re- 
quired, by remote manipulation. Heating units i n  areas having negligible 
radioactivity during.shutdown are replaceable by direct contact mainte- 
nance only. 

To minimize dusting, multiple-layer reflective-type thermal insula- 
t ion is  generally used with remotely replaceable heating units. 
manent heaters are insulated with low-thermal-conductivity ceramic fiber 
or expanded s i l i ca  materials. 

The per- 

A t  l eas t  one thermocouple i s  provided on the piping for  each heater 
Anticipated "cold spots" i n  the piping have additional thermo- unit. 

couple s. 

Materials of Construction 

The salt-containing piping and components are fabricated from INOR-8 - a special nickel-molybdenum alloy of the Hastellay family, having good 
resistance t o  corrosion attack by the f'uel and coolant salts a t  tempera- 
tures a t  l eas t  as high as 1500'F. 
t o  those of the austenitic stainless steels, and the alloy i s  weldable 
by established procedures. 
1300'F and 50 psig service, assuming an allowable s t ress  of 2750 psi. 

The mechanical properties are superior 

Most of the INOR-8 equipment was designed for  

Stainless s tee l  piping and valves are used i n  the helium supply and 
off-gas systems. 
essing system. 

INOR-8, Inconel, and Monel are used i n  the fuel  reproc- 

Major Auxiliary Systems 

I n  addition t o  the f'uel-salt and coolant-salt circulating systems, 
three major auxiliary systems are required for operating the MSRE. 
are the cover- and off-gas systems, instrumentation and control systems, 
and the fuel reprocessing system. These systems are discussed i n  de ta i l  
elsewhere and are only briefly described here. 

These 

Cover- and O f f - G a s  Systems 

A helium cover-gas system protects the oxygen-sensitive f i e 1  from 
contact with a i r  or moisture. Commercial helium i s  supplied from a tank 
t r a i l e r ,  located outside the building, and is  passed through a purifica- 
t ion system t o  reduce i ts  oxygen and water content below 1 ppm before it 
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i s  admitted t o  the reactor systems. 
continuously through the fuel pump bowl to ' transport  the fission product 
gases t o  activated charcoal adsorber beds. The radioactive xenon i s  re- 
tained on the charcoal for a minimum of 90 days, and the krypton i s  re- 
tained for  7-1/2 days, which i s  sufficient for  a l l  but the 85Kr t o  decay 
t o  insignificant levels. The 851& i s  maintained well within tolerance, 
the effluent gas being diluted with 21,000 cfm of a i r ,  f i l tered,  moni- 
tored, and dispersed from a 3-ft-diam, 100-ft-high s tee l  containment ven- 
t i l a t i o n  stack. 

A flow of 200 f't3/day (STP) is  passed 

The cover-gas system i s  also used t o  pressurize the drain tanks t o  
move molten s a l t s  into the f'uel and coolant circulating systems. 
effluent from these operations i s  passed through charcoal beds and f i l -  
t e r s  before it i s  dischargedthruugh the off-gas stack. 

The gas 

Instrumentation and Control Systems 

Nuclear and process control are important t o  the operation of the 

The 
MSRE. 
lW5 (Ak/k)/OF, depending on the type of fuel  that  i s  being used. 
excess reactivity requirements are not expected t o  exceed 2 X 1T2 Ak/k 
a t  the normal operating temperature. 
bined worth of 5.6 t o  7.6 X 1r2 Ak/k, depending upon the f i e 1  composi- 
tion. 
t ions tha t  would otherwise accompany changes i n  pmer and xenon poison 
level and t o  make it possible t o  hold the reactor subcritical a t  a temper- 
ature 200 t o  300'F below the normal operating temperature. They have some 
safety functions, most of which are concerned with the startup of the re- 
actor. Rapid action i s  not required of the control rods; however, a mag- 
netic clutch i s  provided i n  the drive t r a i n  t o  permit the rods t o  drop 
into the thimbles with an acceleration of 0.5 g as a convenient way of 
providing insertion rates that  are more rapid than the removal rates. 
&rnup and growth of long-lived fission product poisons are compensated 
by adding fuel through the sampler-enricher. 
reactor i s  accomplished by draining the fuel s a l t  into the storage tanks 
i n  the drain tank cell .  

The reactor has a negative temperature coefficient of 6.4 t o  9.9 X 

The three control rods have a com- 

Their major functions are t o  eliminate the wide temperature varia- 

Complete shutdown of the 

When the reactor i s  operated a t  power levels above a few hundred 
kilowatts, the power i s  controlled by regulating the a i r  flow, and thereby 
the rate  of heat removal, a t  the radiator. The power level i s  determined 
by measuring the flow rate  and temperature difference i n  the coolant-salt 
system. 
from the reactor constant, and the in l e t  temperature i s  permitted t o  vary 
with power level. A t  low power the control rods operate t o  hold the neu- 
tron flux constant, and the heat withdrawal a t  the radiator or the input 
t o  the heaters on piping and equipment i s  adjusted t o  keep the temperature 
wTthin a specified range. 

The control rods operate t o  hold the f i e 1  outlet  temperature 

Preventing the salts from freezing, except a t  freeze flanges and 

Temperatures are monitored i n  about 400 
valves, and protecting the equipment from overheating are among the most 
important control f'unctions. 

4 
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places i n  fuel and coolant systems, and the heating and cooling equipment 
i s  controlled t o  maintain temperatures within specified ranges throughout 
the systems. 

Digital computer and data handling equipment are included i n  the in- 

This equipment has no control function, but gives current infor- 
strumentation t o  provide rapid compilation and analysis of the process 
data. 
mation about a l l  important variables and warns of abnomnal conditions. 

&el Processing Sy stem 

Batches of fuel  s a l t  Qr flush s a l t  wh ia  have been removed from the 
reactor circulating system can be processed i n  separate equipment t o  per- 
m i t  the i r  reuse or t o  recover the uranium. 

Salts that  have been contaminated with oxygen t o  the saturation point 
(about 80 ppm of 02), and thus tend t o  precipitate the fuel constituents 
as oxides, can be treated with a hydrogen-hydrogen fluoride gas mixture 
t o  remove the oxygen as water vapor. These sa l t s  can then be reused. 

A salt batch unacceptably contaminated with fission products, o r  one 
i n  which it i s  desirable t o  drastically change the uranium content, can 
be treated with fluorine gas t o  separate the uranium from the carr ier  
s a l t  by volatilization of ul?6. In  some instances the carr ier  salt w i l l  
be discarded; i n  others uranium of a different enrichment, thorium, or  
other constituents w i l l  be added t o  give the desired composition. 

The processing system consists of a s a l t  storage and processing tank, 
supply tanks for  the H2, HF, and F2 treating gases, a high-temperature 
(750’F) sodium fluoride adsorber for  decontaminating the U F ~ ,  several 
law-temperature portable adsorbers for  UF6, a caustic scrubber, and as- 
sociated piping and instrumentation. 
located i n  the fuel processing ce l l  below the operating floor. 

All except the ul?6 adsorbers are 

After the uranium has been transferred t o  the uF6 adsorbers, they 
are transported t o  the ORNL Volatility Pilot  Plant a t  X-10, where the uF6 
i s  transferred t o  product cylinders for  return t o  the diff’usion plants. 

General Plant Arrangement 

The general arrangement of Building 7503 i s  shown i n  Fig. 6. The 
main entrance i s  a t  the north end. 
f ac i l i t i e s  occupy the west half of the building i n  the high-bay area. 
The east  half of the building contains the control room, offices, change 
rooms, instrument and general maintenance shops, and storage areas. Ad- 
dit ional offices are provided i n  a separate building t o  the east  of the 
main building. 

Reactor equipment and major auxiliary 
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Equipment for  ventilation of the operating and experimental areas 
i s  located south of the main building. 
buildings t o  house stores and the diesel-electric emergency power equip- 
ment are located west of the main building. 

A small cooling tower and small 

The reactor primary system and the drain tank system are installed 

These ce l l s  are connected 
i n  shielded, pressure-tight reactor and drain tank cells,  which occupy 
most of the south half of the high-bay area. 
by an open 3-f't-diam duct and are thus both constructed t o  withstand the 
same design pressure of 4.0 psig, with a leakage rate  of l e s s  than 1 vol $ 
per day. 
building, i s  provided t o  keep the pressure below 40 ps i  during the maxirmun 
credible accident by condensing the steam i n  vapors tha t  are discharged 
from the reactor cell .  
drain tank ce l l s  are sealed, purged with nitrogen t o  obtain an atmosphere 
tha t  i s  less  than 5% oxygen, and maintained a t  about 2 ps i  below atmos- 
pheric pressure. 

A vapor-condensing system, buried i n  the ground south of the 

When the reactor i s  operating, the reactor and 

The reactor c e l l  i s  a carbon s tee l  containment vessel 24 f t  i n  di-  
ameter and 33 f't i n  overall height. 
layers of removable concrete plugs and beams for  a t o t a l  thickness of 
7 ft. 
of plugs and welded t o  the w a l l  of the s tee l  vessel t o  provide a t igh t  
seal  during operation. 

The top i s  f la t  and consists of two 

A th in  stainless s tee l  membrane i s  installed between the two layers 

The reactor c e l l  vessel i s  located within a 30-ft-dim s t ee l  tank. 
The annular space i s  f i l l e d  with a magnetite sand and water mixture, and 
there i s  a min imum of 2 f t  of concrete shielding around the outer tank. 
I n  addition t o  t h i s  shielding, the reactor vessel i s  surrounded by a 14- 
in.-thick s tee l  and water thermal shield. 

The drain tank c e l l  adjoins the reactor ce l l  on the north. It i s  a 
17-1,/2-ft by 21-1/2-ft by 28-ft-high rectangular tank, made of reinforced 
concrete and lined with stainless steel .  
the membrane, i s  similar t o  that  of the reactor cell .  

The roof structure, including 

The coolant ce l l  abuts the reactor ce l l  on the south. It i s  a 
shielded area with controlled ventilation but i s  not sealed. 

The blowers tha t  supply cooling a i r  t o  the radiator are installed 
i n  an existing blower house along the west wall of the coolant cell .  

Rooms containing auxiliary and service equipment, instrument trans- 
mitters, and e lec t r ica l  equipment are located along the east  wall of the 
reactor, drain tank, and coolant cells.  Ventilation of these rooms i s  
controlled, and some are provided with shielding. 

The north half of the building contains several small shielded ce l l s  
i n  which the ventilation i s  controlled, but which are not gastight. 
ce l l s  are used for  storing and processing the fuel, handling and storing 
l iquid wastes, and storing and decontaminating reactor equipment. 

These 
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The high-bay area of the building over the ce l l s  mentioned above i s  

Ventilation i s  controlled, and the area i s  normally op- 
l ined with metal, has a l l  but the smaller openings sealed, and i s  provided 
with a i r  locks. 
erated a t  sl ightly below atmospheric pressure. The effluent a i r  from t h i s  
area and from a l l  other controlled-ventilation areas i s  f i l t e red  and mon- 
i tored before it i s  discharged t o  the atmosphere. The containment ven- 
t i l a t i o n  equipment consists of a f i l t e r  p i t ,  two  fans, and a 100-ft-high 
stack. They are located south of the main building and are connected t o  
it by a ventilation duct t o  the bottom of the reactor c e l l  and another 
along the east  side of the high bay. 

The vent house and charcoal beds for  handling the gaseous fission 
products from the reactor systems are near the southwest corner of the 
main building. 
f i l l e d  with water and covered with concrete slabs. The vent house and 
p i t  are also controlled-ventilation areas. Gases from the carbon beds 
are discharged into the ventilation system upstream from the f i l t e r .  

The carbon beds are installed i n  an existing p i t  that  i s  

Maintenance of equipment i n  the fuel circulating and drain tank sys- 
tems w i l l  be by removal of one or more of the concrete roof plugs and use 
of remote handling and viewing equipment. A heavily shielded maintenance 
control room with viewing windows i s  located above the operating floor 
for  operation of the cranes and other remotely controlled equipment. 
room will be used, primarily, when a large number of the roof plugs are 
removed and a piece of highly radioactive equipment i s  t o  be transferred 
t o  a storage cell .  

This 

Equipment i n  the coolant ce l l  cannot be approached when the reactor 
i s  operating, but since the induced activity i n  the coolant s a l t s  i s  
short-lived, the coolant ce l l  can be entered for direct maintenance 
shortly a f t e r  reactor shutdown. 

General 

A general v i e w  of Building 7503 i s  shown i n  Fig. 7. This area was 
originally constructed for  the Aircraft Fkactor Experiment and l a t e r  mod- 
i f i ed  for  the Aircraft Reactor Test, which was canceled i n  1957. Some 
accommodations i n  the MSRE design were necessary to f i t  the experiment 
into the existing structures, and extensive modifications were required 
i n  the sections of the building that  house the reactor and fuel-salt c i r -  
culation system, the coolant-salt circulation system, and the fuel-salt 
drain tanks. A shielded remote-maintenance control room was added. The 
existing reactor containment vessel height was increased by about 8-1/2 
ft, and the shielding walls, roof plugs, ce l l  wall penetrations, supports, 
and other structural features were extensively modified. 
excavation was needed within the high bay t o  make room f o r  the drain tank 
cell .  
extensively modified. 

Considerable 

The penthouse for  the coolant system and the radiator duct were 



Fig. 7. North View of Building 7503. 
s 

I n  modiming the existing buildings f o r  the MSRE, the areas were 
divided into five classifications: 

Class I. These areas have high radiation levels a t  all times once 
the reactor has operated at power and highly radioactive f'uel o r  wastes 
have been handled i n  the equipment. 
tank cell ,  f'uel-processing cell ,  l iquid waste cell ,  charcoal bed p i t ,  
etc. The equipment i n  these areas must withstand relatively high radia- 
t ion levels and, i n  most cases, must be maintained by remote-maintenance 
methods. Direct maintenance w i l l  be possible i n  the f'uel-processing and 
liquid-waste cells,  but the equipment must f i r s t  be decontaminated. 

!hey include the reactor cell ,  drain 

Class 11. Areas i n  t h i s  classification are not accessible when f'uel 
salt i s  i n  the primary circulating system but can be entered within a 
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short time af te r  the salt has been drained. The coolant-salt area, which 
includes the radiator, coolant pump, and coolant-salt drain tank, i s  i n  
this  category. 
house are other examples. 
direct  approach. 

The west tunnel and the unshielded areas of the blower 
Equipment i n  these areas can be repaired by 

Class 111. These are areas that  are accessible during periods of 
low-power operation of the reactor, such as the special equipment room 
and south e lec t r ic  service area, but cannot be entered i f  the power i s  
above 1 Mw. The equipment i n  these areas can be inspected and repaired 
without draining the reactor. 

Class IV. These are areas that  are accessible or habitable a t  a l l  
times, except under the conditions described below i n  Class V. 
areas include office spaces, control rooms, etc. 

These 

Class V. The maintenance control room w i l l  be the only habitable 
area during maintenance operations when large, radioactive components are 
being removed from the reactor cell .  
evacuated. This shielded room contains remote control units f o r  the 
cranes and TV cameras. 

The res t  of the MSRE s i t e  must be 

Building 

Above grade, Building 
bestos cement corrugated s 

and as- 
sh. Re- 

inforced concrete i s  used i n  almost a l l  cases below the 850-ft elevation. 

7503 i s  constructed of s tee l  framing 
ding with a sheet metal inter ior  f i n  

Floor plans a t  the 852- and 84O-ft levels are shown i n  Figs. 6 and 
8. The general location of equipment i s  also shown i n  Fig. 6, and an 
elevation view i s  shown i n  Fig. 9. 

The west half of the building above the 852-ft level i s  about 42 f t  
wide, 157 ft long, and 33 ft high. This high, or crane, bay area houses 
the reactor cell ,  drain tank cel l ,  coolant-salt penthouse, and most of 
the auxiliary cells.  

The eastern half of the building above the 852-ft elevation i s  38 
ft wide, 157 Ft long, and about 12  ft high. Offices for operational per- 
sonnel are located along the east  wall of the north end. 
t r o l  room (Fig. lo), auxiliary control room, and a room used for  the data 
logger, computer, and by the sh i f t  supervisor on duty are located across 
the h a l l  on the western side. 
an observation gallery. Windows behind the control panels enable the op- 
erating personnel t o  view the top of the reactor c e l l  and other operating 
areas of the high bay. 
the building. 
instrument stores, and offices for  instrument department supervisory per- 
sonnel. 

The main con- 

The large ha l l  provides ample space for 

The change rooms are located near the center of 
The southeastern corner i s  used for an instrument shop, 

. 
c 

. 

Most of the western half of the building a t  the 84.O-ft level i s  oc- 
cupied by the reactor cell ,  drain tank cell ,  and auxiliary cells.  The 
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Fig. 10. MSRE Main Control Room. 

emergency nitrogen cylinder station i s  located against the w e s t  w a l l  i n  
the northwest corner of th i s  level. Switch boxes used i n  the heater c i r -  
cuits are located across the a i s le  between columns A and C (see Fig. 6). 
Behind these switch boxes is an 8- by 40-1/2-f% p i t  with a floor elevation 
of 831-1/2 f t .  This p i t  contains heater c i rcui t  induction regulators with 
some heater transformers mounted above. It i s  accessible from the 84O-f't 
level by s t a i r s  located at  the east end. Additional induction regulators 
and rheostats are located a t  column l ine C between columns 2 and 3. The 
heater control panels and thermocouple scanner panels are installed along 
colwlln l ine  C between columns 3 and 4. 

The batteries for  the 48- and 250-v dc emergency power supply are i n  
an 18- by 18-f't battery room i n  the northeast corner. The motor gener- 
ators and control panels f o r  the 48-v system are i n  an area w e s t  of the 
battery room. 
kler system are installed along the north w a l l .  

The main valves and controls for  the fire protection sprin- 

A maintenance shop area i s  provided between columns 2 and 4. The 
process-water backflow preventer i s  installed on the east  wall between 
columns 2 and 3. 
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The area between column l ines  4 and 6 houses the main lighting break- 
ers, switch boxes and transformers, the intercom control panel, water 
heater, and air conditioners for  the main control room and transmitter 
room, as well as a lunchroom and meeting room f o r  maintenance personnel. 
The transmitter room is  located between column l ines  5 and 6. 

The service room, 16 by 27 f't, located a t  the northeast corner of 
the 840-ft level, serves as a small chemistry laboratory and as  an access 
t o  the service tunnel. The instrument panels f o r  the h e 1  and coolant 
lube o i l  systems are located i n  th i s  area. 

Reactor Cell. The reactor cell ,  shown i n  Fig. 9, i s  a cylindrical 
carbon s tee l  vessel 24 ft i n  diameter and 33 f t  i n  overall height (ex- 
tending from the 819- t o  852-ft elevation), with a hemispherical bottom 
and a f l a t  top. The lower 24-1/2 f t  (819- t o  843-1/2-ft elevation) was 
bui l t  for  the ART i n  1956. 
was tested hydrostatically at 300 psig. 
t o  1-1/4 in. thick. 
the section that  contains the large penetrations, where it i s  4 in. thick. 

It w a s  designed for  195 psig a t  565OF and 
The hemispherical bottom i s  1 

The cylindrical portion i s  2 in. thick except for  

This vessel was modified f o r  the MSRJ3 i n  1962 by lengthening the 
cylindrical section 8-1/2 f t  (843-1/2- t o  852-ft elevation). Several new 
penetrations were installed, and a 12-in. section of 8-in. sched 80 pipe, 
closed by a pipe cap, was welded into the bottom of the vessel t o  form a 
sump. 
section, which was made as a 7-1/4- by 14-in. flange for  bolting the top 
shield beams i n  place. 
for 40 psig and the completed vessel was tested hydrostatically t o  48 
psig, measured at the top of the cell.  
extension were made of ASTM A201 grade B fire-box-quality steel. Material 
for  the extension was purchased t o  specification ASTM A300 t o  obtain s tee l  
with good impact properties a t  low temperature. 
vessel was purchased t o  specification ASTM A201. 

The extension t o  the vessel was 2 in. thick, except for  the top 

The flange and top shield structure were designed 

Both the original vessel and the 

Steel for the original 

A l l  the welds on the reactor c e l l  vessel w e r e  inspected by magnetic 

All butt welds and penetration 
particle methods i f  they were i n  carbon steel ,  or by liqpid penetrant 
methods i f  they were i n  stainless steel .  
welds were radiographed. 
was strees relieved by heating t o  ll50 t o  1200°F f o r  7-1/2 hr. 

After a l l  the welding was completed, the vessel 

Calculated stresses i n  the vessel were well below those permitted 
by ASME Boiler and Pressure Vessel Code Case 1272N-3. 
for  ASm A201 grade B s tee l  were taken as 16,500 ps i  for  general membrane 
stresses, 24,750 for  general membrane plus general bending plus local  mem- 
brane stresses, and 45,000 psi  for  combined primary and secondary stresses. 

Allowable stresses 

Two layers of 3-1/2-ft-thick shield blocks for  the reactor c e l l  are 
supported by a channel formed into a ring and welded t o  the inside of the 
ce l l  w a l l .  
shielding for  the cracks between edges of the blocks and the ce l l  wall. 
One-half-inch s tee l  plate st iffeners are installed a t  9' intervals. 
top of the channel i s  a t  the 848-1/2-f% elevation. 

The cavity i n  the channel i s  f i l l e d  with s tee l  shot t o  provide 

The 
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Two beams provide the rest of the support for  the bottom layer of 

These beams were bui l t  of 36-in. WF 150-lb I-beams with angle blocks. 
iron and s tee l  plate stiffeners. The cavities were f i l l e d  with concrete 
for  shielding. 
i s  welded t o  the side of the c e l l  at the 847-ft 7-in. elevation. 

The beams rest on a built-up support plate assembly, which 

Offsets, 6-1/4 by 26 in., are provided i n  the ends of the bottom 
blocks t o  f i t  over the support beams. 
proper alignment. 
access t o  selected parts of the c e l l  for  remote maintenance. 

the top. 
1-1/2-in. s lo t  i s  formed a t  the top. 
high i s  placed i n  the s lo t s  for  shielding. 
304 stainless s tee l  membrane i s  placed on top of the bottom layer of 
blocks and i s  seal-welded t o  the sides of the cell .  
provided over each access plug. 
sealed by neoprene O - r i n g s .  
of the membrane t o  protect it from damage by the top layer of blocks. 

Guides formed by angle iron assure 
Several of the bottom blocks have stepped plugs for  

The sides of the blocks are recessed 1/2 in. for  14  in. down from 

One-inch-thick s t ee l  plate 1 2  in. 
With blocks se t  side by side and with a 1/2-in. gap between, a 

The 11-gage ASTM-A240 type 

Cover plates are 
These are bolted t o  the membrane and are 

A 1/8-in. layer of Masonite i s  placed on top 

The top blocks are beams that reach from one side of the c e l l  t o  the 
other. The ends of these blocks are bolted t o  the top ring of the c e l l  
with f i f t y  2-1/2-in. No. 4 NC-2 studs, 57-1/4 in. long, made from AS'IIM- 
A320 grade L7 bolting steel. 
formed by casting 3-in. sched 40 pipes i n  the ends of the blocks. 
rolled s tee l  washers, 9 in. long by 9 in. wide by 1 in. thick, and stand- 
ard 2-1/2-in. No. 4 NC-2 nuts are used on each stud. 

These studs pass through holes tha t  were 
Cold- 

A removable structural s tee l  platform (elevation 823-1/2 f t  a t  top) 
forms a floor i n  the reactor c e l l  vessel and a base for  supporting major 
pieces of equipment. 

The reactor ce l l  vessel i s  installed i n  another cylindrical s t ee l  
tank tha t  i s  referred t o  here as the shield tank. This tank i s  30 f t  i n  
diameter and 35-1/2 f t  high (elevation 816-1/2 t o  852 ft).  
bottom i s  3/4 in. thick, and the cylindrical section i s  3/8 in. thick. 
The shield tank sits on a reinforced concrete foundation tha t  i s  34-1/2 
f t  i n  diameter by 2-1/2 f t  thick. The reactor vessel c e l l  i s  centered 
i n  the shield tank and supported by a 15-f't-diam, 5-ft-high cylindrical 
skirt made of 1-in.-thick s tee l  plate, reinforced by appropriate rings 
and stiffeners. The skirt i s  joined t o  the hemispherical bottom of the 
reactor ce l l  i n  a manner that  provides for  some f lex ib i l i ty  and differen- 
t i a l  expansion and i s  anchored t o  the concrete foundation with eighteen 
2-in. -dim bolts. 

The f la t  

From elevation 816-1/2 t o  846 ft, the annulus between the shield 
tank and the reactor c e l l  vessel and skirt i s  f i l l e d  with magnetite sand 
and water for  shielding. The water contains about 200 ppm of a chromate 
rust inhibitor, Nalco-360. 
controls the water level i n  the annulus. 

A 4-in.-diam overflow,line t o  the coolant c e l l  
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The region beneath the reactor ce l l  vessel inside the skirt contains 
only water, and steam w i l l  be produced there i f  a large quantity of s a l t  
i s  spil led into the bottom of the reactor cell .  An 8-in.-diam vent pipe 
i s  provided t o  permit the steam t o  escape a t  low pressure. 
nects into the s k i r t  a t  the junction with the reactor ce l l  and extends 
t o  elevation 846 ft, where it passes through the wall of the shield tank 
and terminates as an open pipe i n  the coolant cell.  

This pipe con- 

From elevation 846 t o  852 f t ,  the annulus between the reactor c e l l  
and shield tank i s  f i l l e d  with a ring of magnetite concrete. The concrete 
ring improves the shielding a t  the operating floor level and provides some 
stiffening for the top of the reactor ce l l  vessel. The concrete ring i s  
supported from the wall of the shield tank, and the reactor c e l l  w a l l  i s  
free t o  move through the ring and t o  expand and contract relative t o  the 
shield tank. 

Numerous penetrations were installed through the w a l l s  of the reactor 
ce l l  and shield tank t o  provide for  process and service piping, for  elec- 
t r i c a l  and instrument leads, and for  other accesses. 
are 4- t o  36-in.-diam pipe sleeves welded into the w a l l s  of the reactor 
c e l l  and the shield tank. Since the reactor c e l l  w i l l  be near 150°F when 
the reactor i s  operating and the temperature of the shield tank may a t  
times be as low as 60°F, bellows were incorporated i n  most of the sleeves 
t o  permit radial  and axial  movement of one tank relative t o  the other 
without producing excessive stress. The bellows are covered with par t ia l  
sleeves t o  prevent the sand from packing t ight ly  around them. 

The penetrations 

Several other l ines  are installed directly i n  the penetrations with 
welded seals a t  one or both ends, or they are grouped i n  plugs which are 
f i l l e d  with concrete and inserted i n  the penetrations. The major openings 
are the 36-in.-diam neutron instrument tube and drain tank interconnection 
and the 30-in.-diam duct for ventilating the c e l l  when maintenance i s  i n  
progress. 
penetrations, and they were either removed or closed.and f i l l e d  with 
shielding. 

The original tank contained several other 8- and 24-in.-diam 

A l l  the components and connecting piping, which were first f i t t e d  
together on a precision assembly j i g  outside the cell ,  have been instal led 
i n  the cell ,  as shown i n  Fig. 11. 
been installed and connected t o  the thermocouple and heater remote dis- 
connects. A l l  leak detector tubing, helium, air ,  and water piping, to- 
gether with associated valving, have been installed. No additional in- 
s ta l la t ion work i s  required for prenuclear tes t ing with flush sal t .  Before 
the addition of fuel s a l t  and making the MSRE c r i t i ca l ,  the sampling and 
enriching system and the control rods and rod drives must be installed. 

A l l  thermocouple and heater leads have 

Drain Tank Cell. The drain tank c e l l  shown i n  Fig. 6 i s  17 ft 7 in. 
by 21 ft 2-1/2 in., with the corners beveled a t  45" angles for  2-1/2 ft. 
The f l a t  floor i s  a t  the $14-ft elevation, and the stainless steelmem- 
brane between the two layers of top blocks i s  a t  the 838-ft 6-in. eleva- 
tion. The open p i t  extends t o  the 852-ft elevation. 
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The ce l l  was designed for  40 psig, and when completed i n  1962 it c s d *  
was hydrostatically tested a t  4 8  psig (measured a t  the elevation of the 
membrane, 838-1/2 f t  ) . 

The bottom and sides have a 3/16-in.-thick stainless s t ee l  l iner,  
backed up by heavily reinforced concrete, magnetite concrete being used 
where required for  biological shielding. The l iner  i s  welded t o  an angle- 
iron grid work a t  approximately S i n .  spacing, with 1/2-in. plug welds. 
The angle irons are welded t o  reinforcement rods embedded i n  the concrete. 

zontal beams embedded i n  the concrete of the c e l l  floor. 
columns are welded t o  horizontal 36-in. WF 160 I-beams running east  and 
west. These have stiffeners welded t o  them on approximately Gin .  centers 
A s lo t  i s  provided a t  the top of these I-beams a t  elevation 842 ft 1 i n .  
t o  842 ft 4-3/8 in. by welding a 1-1/4-in. plate t o  the web of the beam, 
Eighty-two 3-1/4- by 4-1/2- by 10-in. s tee l  keys are wedged into t h i s  
s lo t  t o  hold down the top blocks. 

Vertical c o l m s  i n  the north and south w a l l s  are welded t o  hori- 
The tops of the 

The top of the c e l l  i s  camposed of two layers of reinforced concrete 
blocks with an 11-gage (A-204 type 304 staizil-ess s tee l )  membrane between 

Fig. 11. Fuel-Salt Circulation System i n  Reactor C e l l .  

. 
a 
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them. 
The bottom layer i s  4 ft thick and the top layer i s  3-1/2 f t  thick. 

Both layers of blocks are ordinary concrete (density 150 lb / f t3)  . 
P 

= u  

. 

The blocks are arranged t o  fac i l i t a te  remote maintenance. One side 
of the lower blocks, which run east and west, i s  supported by a ledge a t  
an elevation of 834-1/2 ft. The other side of these and the ends of the 
north-south blocks are supported by beams tha t  extend from the east t o  
the west side of the cell.  
I-beams with angle-iron and steel-plate stiffeners. 
poured f'ull of concrete f o r  shielding. These rest on a built-up support 
plate assembly, which is  welded t o  the side of the stainless s tee l  l i ne r  
and i s  anchored into the concrete walls. Offsets, 4-1/4 by 25-1/2 in., 
are provided i n  the ends of the bottom blocks t o  f i t  over the support 
beams. V grooves formed by angle irons assure proper alignment. The 
sides of the bottom blocks are recessed 1/2 in. for 1 4  in,  down from the 
top. With two blocks side by side and with a 1/2-in. gap between the 
sides a t  the bottom, a 1-1/2-in. s lot  i s  formed a t  the top. One-inch 
s tee l  plates, 12 in. high, are put into the s lo t s  t o  provide biological 
shielding . 
i s  placed on top of the bottom blocks (elevation 838 f t  6 in.) 
seal-welded t o  the sides of the cell .  
placed on top of the seal pan t o  protect it from damage during instal la-  
t ion of the top blocks. 
north side t o  the south side of the cell .  They are held down by the 
eighty-two 3-1/4- by 4-1/2- by 10-in. s tee l  keys discussed previously. 
These are inserted into s l o t s  i n  the top beams of the north and south 
sides of the c e l l  and are driven i n  approximately 4 in., leaving approxi- 
mately 5 in. bearing on the ends of the blocks. 
four keys for each end of each block. 
welded t o  the top of each key t o  aid i n  removing and handling the keys. 

These beams are built  up of 24-in. 104.9-lb 
The cavities are 

The 11-gage (ASTM A-240 type 304 stainless s tee l )  sealing membrane 
and i s  

A 1/8-in. layer of Masonite i s  

The top blocks are beams that  reach from the 

There are approximately 
A 1-1/2-in. 6 NC square nut i s  

The floor elevation i s  814 f t  a t  the highest point along the west 
wall and slopes 1/8 in. /f t  t o  a trench along the east w a l l .  
slopes 1/8 in./ft toward the south and terminates i n  a sump i n  the south- 
east  corner. 
40 pipe and a 4-in. butt-welded cap (347 stainless s teel) .  

c e l l  t o  provide for process and service piping, e lectr ical  and instrument 
leads, and for  other accesses. 
or pipe sleeve penetrations that  are welded t o  the stainless s tee l  l i ne r  
and cast into the concrete walls. Lines are installed i n  these individ- 
ually or grouped i n  plugs that  are f i l l e d  with concrete and inserted. 

The trench 

The sump consists of a lO-in.-long section of 4-in. sched 

Numerous l ines  are installed through the walls of the drain tank 

These enter through 3/4- t o  6-in. pipe 

Figure 12 shows the s a l t  storage vessels and associated equipment, 
installed 5n the drain tank cell .  
equipment, and associated piping have been installed i n  the drain tank 
cell .  
on instal led equipment. 
some remotely removable pipe heater insulation units, t h i s  ce l l  i s  ready 
t o  accept the flush sa l t .  

All tanks, tank furnaces, steam cooling 

Leak testing and other required check-out t e s t s  have been conducted 
Except fo r  the instal la t ion and check-out of 
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Fig. 12. Drain Tank C e l l  Equipment Installed. 
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Coolant Cell and Coolant Drain Tank Ceu. Except for  two l ines  i n  
the reactor ce l l  which connect the coolant-salt circulating system t o  the 
heat exchanger, all coolant-salt piping i s  located i n  the coolant and 
coolant drain tank cell ,  shown i n  Fig. 6. 
ce l l  i s  a concrete enclosure (penthouse) which r i ses  from the southwest 
corner of the high bay t o  an elevation of 863 f t  3 in. 
ordinary reinforced concrete 24 in. thick except for the south corner, 
which i s  15-1/2 in. thick. 
vided by the 2-ft-thick base for the stack, which goes t o  the 859-ft ele- 
vation. A 4-in. ledge a t  elevation 861 f t  9 in. on the southeast and 
northeast sides of the penthouse supports the bottom layer of the tap 
shield blocks. These are constructed of 12-in.-thick reinforced ordinary 
concrete. 
The 1/2-in. gaps between plugs i n  each layer are staggered for better 
shielding. 
and a t  the 861-ft 9 in. elevation on the other sides are provided for  
shielding. 

The top section of the coolant 

The walls are 

Additional shielding for t h i s  corner i s  pro- 

The 12-in.-thick top shielding blocks res t  on the bottom blocks. 

Ledges a t  the 862-ft %in. elevation on the northeast side 

The bottom of the coolant radiator is a t  elevation 836 f t  1-3/4 in. 
The floor of the coolant stack enclosure, located south of the radiator, 
i s  a t  elevation 835 f t  5 in., and the 2-ft-thick reinforced regular con- 
crete walls extend t o  the 859-ft elevation. 

A 1-1/4-b. steel grating and/or 11-gage sheet. metal pan a t  elevation 
834 ft 11 in. separates the coolant c e l l  from the coolant drain tank cel l .  
Thus, the coolant drain tank c e l l  i s  below ground level  on a l l  sides. The 
elevation of the concrete floor i s  820 ft. It i s  bounded by the reactor 
c e l l  annulus on the northeast and by the special equipment room on the 
east . 

Two penetrations from the reactor c e l l  terminate i n  the coolant ce l l  
or coolant drain tank cell .  
drain tank ce l l s  and the special equipment room i s  16 in. thick t o  the 
835-ft 5-in. elevation and 12 in. thick above this .  Existing openings 
between the ce l l s  are closed by stacked magnetite concrete blocks to en- 
able proper ventilation of both areas and t o  provide adequate shielding. 
A 6-ft-wide concrete ramp with 2-ft s t a i r s  i n  the center (slope 7 i n  12) 
extends fromthe northwest corner of the coolant drain tank c e l l  t o  the 
blower house a t  the 84O-ft elevation. 
net i te  blocks. 

The w a l l  between the coolant and coolant 

This i s  closed off by stacked mag- 

Shielding from the coolant pump and from piping i s  provided by 8 f't 
of barytes blocks stacked above the 835-ft elevation between the radiator 
housing and reactor shield. 

All equipment for  the coolant-salt system has been installed. 
13 shows the coolant pump and the radiator door-lift mechanism. 
s ta l led radiator i s  shown i n  Fig. 14, and the main blowers are shown i n  
Fig. 15. 
below the radiator, i s  shown i n  Fig. 16. This system has been checked 
out and i s  ready t o  receive the coolant sal t .  

Rigure 
The in- 

The instal led coolant drain tank equipment, located a t  the level  
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Fig. 13. Coolant h p  and Radiator Door-Lift Mechanism. 
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Fig. 14. MSRE Radiator, as Installed. 
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Fig. 15. Main Blowers for  MSHE Coolant System. 
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Fig. 16. Coolant Drain Tank. 
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Special Equipment 3oom. The major items af equipment located i n  the 
special equipment room are the component coolant blowers, the containment 
boxes fo r  the fuel  pump cover gas and bubbler l ines,  the 30-in.-diam c e l l  
ventilation duct, and the rupture disks and l ines  t o  the vapor-condensing 
system. This c e l l  i s  located southeast of the reactor c e l l  and, as U s -  
cussed previously, has a common w a l l  with the coolant ce l l  and coolant 
drain tank cell .  The other w a l l s  are 12-in.-thick reinforced concrete 
below ground level. 
t ion  i s  828 f t  7 in., except for  a 5-ft by 15-ft 11-in. by 3-ft-deep p i t  
which runs east and west, 2 f t  3 in.' from the south w a l l .  

The c e l l  i s  15 f t  U. in. by 17 ft. The floor eleva- 

The top consists of two rows of removable concrete shield plugs with 
staggered joints. 
supported by a 4-in. ledge a t  the 850-ft elevation. 
vided by ventilation from the stack fans. 

Each row of blocks i s  1 ft thick. The bottom row i s  
Containment i s  pro- 

Figure 17  shows the equipment i n  the special equipment room as in- 
stalled, checked out, and ready for  operation. 
vapor-condensing system are yet t o  be installed. 

Only the l ines  t o  the 

Pump Room. The p i t  pump and sump pumps are located i n  the pump room. 
This room i s  under the north end of the special equipment room. 
7-1/2 f t  wide by 15 f t  3 in. long by 6 f t  7 in. high with a floor eleva- 
t ion  of 820 f t .  
t o  the 811-ft elevation. 
hatch near column C-8. 

It i s  

A 3- by 3-ft sump, near center of the north wall, extends 
Access t o  the pump room i s  through a 3- by 4-ft 

This equipment i s  installed. 

Service Tunnel. The fuel and coolant lube-oil systems shown i n  Fig. 
18 and the reactor c e l l  ventilation block valves are instal led i n  the 

Fig. 17. Equipment Installed i n  Special Equipment Room. 
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service tunnel. 
67 f't long. 
and extends south and west outside the building. 
833 f t  3 in. 
however, a 3- by 3-f't hatch near the west end provides access from outside 
the building. 
wooden lid. 

This tunnel i s  7 ft wide by 11 f't high by approximately 

The floor elevation i s  
It passes under the southeast corner of the 7503 building 

Normal access is from the service room on the 8L;o-ft level; 

This hatch i s  normally closed by a sheet-metal-covered 
Containment i s  controlled by ventilation. 

Fig. 18. Typical Lube-Oil System for  Fuel and Coolant Pumps. 

. 
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Transmitter Room and Electric Service Areas. The area north and west 
of the reactor c e l l  annulus a t  elevation 831 ft (west tunnel) connects 
by a narrow passage t o  a similar area north and east of the reactor c e l l  
annulus (east tunnel). 
a 24-in.-thick concrete wall 1 2  f t  north of column l ine 6. 
area i s  called the south electr ic  service area. Six penetrations from 
the reactor ce l l  and eighteen from the drain tank ce l l  temninate i n  t h i s  
area. 
cells, are located below ground level. The ceiling, which connects with 
the transmitter room, i s  24-in.-thick reinforced concrete with a 3-ft 
7-1/2-in. by 6-ft 7-1/2-in. by 24-in0-thick concrete plug fo r  access t o  
the area. 

These extend eastward tinder the 8ccO-ft floor t o  
This entire 

The w a l l s ,  except for those joining the reactor o r  drain tank 

This plug has a 4- by 12-in. offset on a l l  sides f o r  shielding. 

The north e lec t r ic  service area i s  located north of the 24-in.-thick 
concrete w a l l  mentioned above. The floor of t h i s  room i s  a t  the 824-ft 
elevation. 
area as  well as some f r m  the spare cell .  The ceiling of t h i s  area and 
the floor of the transmitter room above i s  2- t o  4-in.-thick reinforced 
concrete poured on "Q" decking No. 3-16. 
ventilation. 
cess from the transmitter room. 

Many of the drain tank ce l l  penetrations terminate i n  t h i s  

Containment i s  by controlled 
A 2- by 3-ft manhole with a hinged s tee l  door provides ac- 

The floor of the transmitter room i s  a t  the 8ccO-f-t elevation. The 
5-in. floor of the high bay (elevation, 852 f t )  i s  the ceiling of the 
transmitter room. 
high-bay floor so tha t  the high-bay crane can be used t o  remove the shield- 
ing plug on the 8ccO-ft level between the transmitter room and the south 
electr ic  service area. This room i s  approximately 16 by 20 ft and con- 
ta ins  the leak detector system and instrwnentation for  the drain tank 
weigh cells,  pump level and speed, sump level, component cooling a i r ,  etc. 

A 5-ft by 9-ft 3-1/2-in. plug can be removed from the 

Auxiliary Cells. Six smaller ce l l s  are located between columns 2-5 
and A-C. 
a t  the 852-ft elevation. 
and discharge of the a i r  through the f i l t e r s  t o  the stack. 
of the i r  projected uses are given below. 

Removable concrete blocks provide access from the high-bay area 
Containment of each i s  by control of ventilation 

Descriptions 

Fuel Processing C e l l -  The fuel storage tank and other in-cell  equip- 
ment for  hydrofluorinating or fluorinating the f'uel or flush s a l t  are lo-  
cated i n  t h i s  cell .  The absorber cubicle i s  located east  of t h i s  c e l l  
a t  the 852-ft level. 

Decontamination Cell - This c e l l  contains a decontamination tank. 
Both tank and c e l l  are used for  underwater maintenance and storage of con- 
taminated equipment. 

L i q ~ d  Waste Cell - The liquid waste tank, sand f i l t e r ,  and c e l l  sump 
j e t  block valves are located i n  t h i s  cell .  

Remote Maintenance Cell -The l iquid waste pump and waste tank ex- 
haust blower are located i n  t h i s  cell.  It w i l l  a l so  be used as a remote 
maintenance practice cell .  
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Hot Storage Cell -This c e l l  w i l l  be used t o  store contaminated 
equipment removed from the reactor or  drain tank cell .  

Spare Cell - The absolute f i l t e r  i n  the chemical processing c e l l  a i r  
exhaust l ine  and the flame arrester i n  the chemical processing off-gas 
l ine are located i n  this cell .  

High-Bay Containment Enclosure. The high-bay containment enclosure 
between columns 2-8 and A-C i s  42 by 136 f t  with a ceiling elevation of 
885 f t  4 in. The containment extends east  near column 8 t o  include the 
neutron instrument tube and t o  provide room for  the f'uel-salt sampler. 

A false ceiling and containment seal  i s  instal led 15 ft above the 
floor between columns 8-9 and B-C. The containment walls extend from 
t h i s  elevation t o  885 f t  4 in. along column l ine C from columns 8 t o  9, 
west along column l ine 9 t o  column A, then north along column A t o  column 
8. 
the high-bay crane can be used for  handling equipment and shielding blocks 
i n  th i s  cell.  
ceiling of the area between columns 8-9 and B-C i s  used for  moving small 
equipment into o r  out of the containment enclosure and for  removal of 
fuel- and coolant-salt samples. 
l ine 2 i s  used for  removal of larger equipment. The framework of the high 
bay i s  Stran Steel construction with a 16-gage iron sheet metal skin skip- 
welded t o  it. 
paint. 

Thus the coolant ce l l  penthouse i s  included i n  the high-bay area and 

A 10- by 12-f t  loading hatch and Bilco door i n  the false 

A 12- by 12-ft door located a t  column 

The cracks were sealed with fiberglas tape and Carboline 

Emergency exi ts  are provided a t  the southeast corner and near the 
center of the east wall. Since this area i s  considered as a contaminated 
zone, normal entrance and exi t  i s  through the hot change house, located 
east  of the high bay, and through the regular change room. 

Maintenance Control Room. A 19-ft 8-in. by 14-ft 9-in. maintenance 

The f loor  elevation i s  862 f t  
control room i s  located along the west side of the high-bay containment 
between the reactor and drain tank cells.  
and the ceiling 870-1/2 f t .  
the building. 
thick concrete, and the north and south sides 3- t o  3-1/2-ft-thick con- 
crete for  shielding. 
the west side near the south end and another on the northwest corner of 
the room for  use during remote maintenance. Access t o  the maintenance 
control room i s  via s t a i r s  which terminate a t  ground level  west of the 
building. 

The west side i s  corrugated asbestos t o  match 
The roof i s  12-in.vthick concrete, the south side 2-ft- 

A zinc bromide--filled viewing window i s  located on 

A 6-ft  by 19-ft %in. e lectr ic  equipment room located below the main- 
tenance room has a f loo r  elevation of 852 ft. 
a hatch i n  the southeast corner of the maintenance control room. 

This i s  accessible through 

Off-Gas Area 

The off-gas area, consisting of a vent house and absorber p i t ,  i s  
shown i n  Fig. 8. 
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The vent house i s  12 by 15 f t  with an operating floor level of 848 
The sloping roof attaches t o  the south end of the 7503 building a t  ft. 

the 857-1/2-ft elevation. 

A 5- by 9- by 3-ft-deep containment enclosure i s  located along the 
east  side of the vent house. This contains the reactor and drain tank 
off-gas lines, instruments, valves, etc. The bottom of t h i s  enclosure 
i s  at  the 839-1/2-ft elevation. The east  and west sides are reinforced 
concrete; the north and south ends and top a t  the 842-1/2-ft elevation 
are constructed of mild s tee l  angle irons and 1/8-in. plate (ASTM A-7). 
The joints  are caulked t o  prevent leakage. 
extension handles which permit them t o  be operated from the vent-house 
floor. 
being operated. Five feet  of barytes blocks are stacked on top of the 
containment enclosure. 
the control valves and check valves t o  f ac i l i t a t e  remote maintenance. 

Hand valves have shielded 

Pipe caps are installed for  containment when the valves are not 

A 17-in.-dim removable plug i s  installed above 

The west side of the vent house has a floor elevation of 844-1/2 ft 
and i s  used for off-gas l ines  not requiring shielding and for  stacked 
block shielding for the reactor and drain tank off-gas lines. 

A 5- by 15-ft valve p i t  with the bottom a t  an elevation of 841 f t  
i s  located south of the vent house. The off-gas l ines  pass through t h i s  
p i t  before entering the absorber beds, shown a f t e r  fabrication i n  Fig. 
19. 
contained i n  a 2-1/2- by 4- by 2-ft-high containment box which has a top 
elevation of 845-3/4 f t .  
t h i s  box fo r  shielding. 
the valves from the operating floor a t  an elevation of 848 ft. 
are instal led for  containment when the valves are not being operated. The 
l iners  between the charcoal beds and the p i t  go through a 9- by 18-in. 
penetration, where they are grouted i n  place using Embeco expansion grout. 

The outlet  l ines  are also located i n  this pi t .  The in l e t  valves are 

Seventeen inches of s tee l  plate i s  used above 
Shielded extension handles permit operation of 

Pipe caps 

The charcoal bed p i t  has a 10-ft inside diameter with l4-in0-thick 
concrete walls. The bottom of the p i t  i s  at an elevation of 823 f't 9 in. 
The p i t  i s  f i l l e d  with water t o  an elevation of 846 f t  for  shielding. 
Two 10-1/2-ft-diam by 18-in.-thick barytes concrete blocks are supported 
by a ledge a t  the 846-1/2-ft elevation. The top block i s  caulked t o  ob- 
t a in  an a i r t igh t  seal. 
on top of these t o  give a minimum of 5-1/2 f t  of shielding. 
nulus around the outside of the charcoal bed p i t  i s  f i l l e d  with stabil ized 
aggregate from the 848-ft t o  the 849-ft 5-in. elevation. 

Additional barytes concrete blocks are stacked 
A &ft an- 

The off-gas fromthe charcoal bed goes through the valve p i t  men- 
tioned previously, where unshielded extension handles permit operation 
from the 848-ft elevation. 

Installation of the charcoal adsorbers and associated valving and 
piping i s  nearing completion. 
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Fig. 19. Charcoal Adsorber Beds fo r  MSRE O f f - G a s  System. 

Stack Area 

e 

The stack area i s  located south of Building 7503. 
containment ventilation a i r  passes through roughing and 
before being discharged up the stack. 

All off-gas and 
absolute f i l t e r s  

These f i l t e r s  are located i n  a p i t  60 ft south of Building 7503. 
The p i t  i s  26-1/2 by 18-3/4 f t  with a sloping floor. 
a t  the north end i s  850 ft and the south end i s  848 ft. 
1-ft-thick concrete. The roof plugs are 18-in.-thick concrete with a 
3-in. offset a t  the center. 
the top of the p i t .  
roof blocks are caulkedto prevent leakage. 

The floor elevation 
The w a l l s  are 

This offset rests on a ledge 9 in. down from 
The elevation of the top of the p i t  i s  857 ft. The 

A 3-ft 3-in. by 5-ft 6-in. valve p i t  i s  a t tachedto  the f i l t e r  p i t  
on the southeast corner. This houses the f i l t e r  p i t  drain valves and 
water level indicators. 
concrete. 

The w a l l s  and removable roof plug are 8-in.-thick 
The floor and roof are a t  845- and 857-ft elevations. 

The two 21,000-cfm stack fans and the associated 3-ft-dim by 100- 
ft-high s tee l  stack are located south of the f i l t e r  pi t .  

A l l  construction and equipment installations associated with the 
stack, f i l t e r  house, and ventilation ducts are completed. 

G I  
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Vapor-Condensing Tanks 

The vapor-condensing system water tank, expansion tank, and associ- 
ated piping are located west of the stack area. 
the rupture disks and connections t o  the reactor c e l l  exhaust duct are 
located i n  the special equipment room. 
system are nearing completion, but are yet t o  be installed. 

As mentioned previously, 

The tanks and piping for  this 

Blower House 

The blower house i s  36 by 43 ft with floor and ceiling elevations 
of 838 and 856 f t  respectively. The north, south, and west walls are 
louvered t o  provide a i r  i n l e t  t o  the two coolant blowers and two annulus 
blowers located i n  the south half of the room. The a i r  from the blowers 
passes through the radiator area of the coolant ce l l  and out the 10-ft- 
dim by 70-ft-high steel stack located just  north of the vent house. 
elevation of t h i s  stack i s  930 ft. 

Top 

Gas coolant pump No. 3,  which supplies a i r  t o  freeze valves i n  the 
coolant drain tank c e l l  and f'uel processing cell ,  i s  located between 
column l ines  7 and 8.  

A ramp leading t o  the coolant drain tank ce l l  begins a t  the north- 
west corner of the blower house. 

The cooling water equipment room, housing the cooling-water control 
panel, storage tanks, flawmeters, and treated-water circulation pumps, 
is  located i n  the southwest corner of the blower house. 

The s t a i r s  leading t o  the maintenance control room are located just  
west of the blower house. The area under the s t a i r s  i s  used fo r  the flu- 
orine gas t r a i l e r ,  hydrogen and hydrogen fluoride gas cylinders, etc., 
which are used i n  processing the fuel salt. 

A l l  equipment i n  t h i s  area has been installed. 

Diesel House 

The 30- by 72-f't diesel house i s  located 36 ft west of Building 7503 
between column l ines  3 and 5 and adjoins the switch house on the east. 
It has corrugated asbestos siding and a pitched roof with an elevation 
of 858 f't a t  the center and 852 ft a t  the sides. 

The three diesel  generator units, Fig. 20, and the i r  auxiliaries are 
located at  the east  end of the north half of the building. 
diesel  fuel  storage tank is  located approximately 100 f t  north of the 
diesel  house . 

The 5000-gal 

The helium cover-gas treatment equipment, Fig. 2, and emergency 
helium supply cylinders are located just west of the diesels. 
supply trailer is  located outside the west end of the building. 

m e  helium 
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Fig. 20. Diesel Generator Installation. 

Fig. 21. Helium Cover-Gas Treatment Equipment and Instrument A i r  
Compressor . 
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The tower-water-to-treated-water heat exchanger i s  located along the 
west end inside the bdlding. 

The instrument a i r  compressors and auxiliary a i r  compressor are along 
the south side (see Fig. 21) . 

Installation of equipment i n  this  area i s  completed. 

Switch House and Motor Generator House 

The switch house, which i s  30 by 36 f t ,  adjoins the diesel house on 
the west and Building 7503 on the east. 
with a f lat  roof at the 852-ft elevation. 

It has corrugated asbestos siding 
The floor elevation i s  840 f t .  

The main switchgear for  the 4.80-v feeder l ines  and the diesel gen- 
erator controls are located i n  t h i s  area. 

A 15- by 16-ft  motor generator room, located north of the east  end 
of the switch house and accessible from the switch house, contains two 
motor generators and the i r  control panels. 
i s  located west of the motor generator room. 

The process power substation 

Electrical  installation i n  t h i s  area i s  completed. 

In le t  Air Fi l te r  House 

The high-bay in l e t  air f i l t e r  and steam heating units are located 
i n  the in l e t  a i r  f i l ter  house. 
i s  located just  west of the 7503 building. 
6 in., and the f l a t  roof i s  a t  an elevation of 850 f t  11 in. 

This 12- by 20-ft concrete block building 
The f loo r  elevation i s  84-0 ft 

Procurement and Fabrication of Major Components 

When project status was attained for  the MSHE, it was thought de- 
sirable t o  have the major components for the s a l t  circulating systems 
made by industrial  fabricators who were experienced i n  producing reactor 
components such as nuclear code vessels, heat exchangers, reactor con- 
tainment vessels, etc. Engineering drawings and specifications, welding 
qualification procedures, and inspection procedures were prepared which 
were consistent with t h i s  approach. 

Requests for bids on the reactor vessel, rabiator, heat exchanger, 
and the several s a l t  storage tanks were sent out t o  several companies 
considered t o  have the greatest amount of experience i n  nuclear component 
fabrication. 
if ications,  a prebid conference was held a t  which representatives of these 
cmpanies were briefed on the properties and fabricability of INOR-8 
interpretations of the specifications were made, i f  unclear t o  any pro- 
spective bidder. 

After these companies had reviewed the drawings and spec- 

and 
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Since INOR-8 was a new allay, and since considerable precision ma- 
chining and flaw-free welding were required, a l l  companies invited de- 
clined t o  submit lump-sum bids for  producing the components. Further 
negotiations disclosed tha t  most fe l t  too many uncertainties existed t o  
justif'y lump-sum bids, although most had considerable experience with 
other allays of the Hastellay family. 
an interest  i n  producing the components under a cost-plus-fixed-fee con- 
t ract .  It was decided, however, t o  fabricate the components i n  Union 
Carbide Corporation shops, since craftsmen i n  these shops had several 
years' experience i n  INOR-8 fabrication and the shops were well equipped 
for  fabrication of units of t h i s  size. 
component fabrication was done i n  the Y-12 shops. 

Some of the companies expressed 

The major portion of the INOR-8 

Special Materials Procurement 

All contracts for  special materials were fixed price and ordered on 
the basis of competitive bids. 

INOR-8. Most of the INOR-8 plate, bar stock, and tube rounds were 
produced by the S te l l i t e  Division of Union Carbide Corporation. 
the ingots were produced by the International Nickel Company and Alvac 
Metals. The extrusion of seamless pipe and tubing was done by Michigan 
Seamless Tube Company, W a l l  Tube Company, and the International Nickel 
Company. Forged pipe f i t t i ngs  were produced by Taylor Forge. Approxi- 
mately two years were required t o  complete all INOR-8 procurement. 

Some of 

Typical INOR-8 prices were: 

Rolled plate $3.00 per pound 

Forged bar 4.50 per pound 

Tubing (1/2-inD diam) 
Pipe (5-in.-diam sched 4.0) 

6.00 per foot 
225.00 per foot 

Graphite. The 6000 l b  of special graphite bars for  the MSRE core 
were extruded, processed, and machined by the Carbon Products Division 
of Union Carbide Corporation for  a fixed price of about $194,000. 

This graphite, which has low salt absorption and low permeability 
t o  gases, has been produced only i n  the laboratory and i n  s m a l l  sizes 
prior t o  t h i s  order. 
the f ina l  machined bars t o  the quality and tolerances required for the 
MSRE core assembly. 

Approximately 2-3/4 years were required t o  produce 

Fabrication. Although some development of fabrication methods and 
procedures was required, i n  general it was found that  INOR-8 presented 
no more problems than Inconel or various stainless s teels  i f  procedures 
were closely followed. 



65 

1 

" 

The Y-12 shops, during peak periods, used ten welders qualified i n  
These welders made 1300 x-ray-quality welds 
Out of 3300 welds which required l iquid pen- 

INOR-8 welding procedures. 
requiring only 55 repairs. 
e t rant  inspection of each pass, only 1015 minor repairs t o  removed dye 
indications were required. 

To meet the peak demands, during the 2-1/2-year fabrication period, 
approximately 4.0 craftsmen were u t i l i zed  at Y-12 and 10 craftsmen a t  the 
X-10 and Paducah shops. 

Representative costs for  making reactor-grade welds t o  MSKE specifi- 
cations are: 
vessel (60 in. d i a m  by 1 in. thick),  about $2900, or $187 per foot of 
weld; and (2)  f i t t i n g  t o  reasonable tolerances and welding of bottom head 
t o  fuel  storage tank (50 in. diam by 1/2 in. thick), about $620, or $47 
per foot of weld. 

(1) precision fitting and welding of top head t o  reactor 

Data concerning cost of major components are s h m  i n  Table 4. 

Fabrication Process. A photographic presentation of the completed 
major components i s  made i n  the following pages, together with pictures 
of the more significant stages of fabrication. 

Drain Tanks. Figure 22 shows the rolled shell  for  a typical drain 
These shells were rolled, machined, and welded t o  a tolerance of tank. 

approximately 1/16 in. i n  order t o  give good weld fi t-up with the beads. 
Figure 23 shows the bayonet tubes assembled t o  the top head of a f'uel 
drain tank, and Fig. 24 shows the completed tank. 
assembly i s  shown i n  Fig. 25. 

The steam dome cooling 

Table 4. Cost of Major &HE Components 

Component 
Graphite Weight WO Cost INOR-8 Cost Cost 

( l b )  (dollars) (dollars) (dollars) 
- 

Reactor 9,500 200,000 50,000 200,000 

He a t  exchanger 2,100 80,000 28,000 

Radiator (less enclosure) 3,500 62,000 61,000 
Fuel flush tank 3,200 22,000 20,000 
Fuel drain tanks and steam 11,600 108,000 90,000 

dome sa 
Coolant drain tank 1,800 19,000 9,000 

%o duplicate units. 
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Fig. 22. Ty-pical Rolled Shell for Fuel Drain Tank. 

Fig. 23. Fuel Drain Tank Bayonet Tubes Assembled t o  Top Head. 

. 
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Fig. 24. Completed Fuel Drain Tank. 
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Fig. 25. Completed Steam Dome Cooler for MSIiE Drain Tanks. 
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Heat Exchanger. The shell, entrance-exit plenum, and tube bundle 
The semi- are  shown i n  Fig. 26, and Fig. 27 shows the completed unit. 

automatic tube-to-tube-sheet welding process i s  shown i n  Fig. 28. 
i 

I 
I 

Fig. 26. Components for  MSRE Primary Heat Exchanger. 

* u  Fig. 27. Completed Heat Exchanger. 
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Fig. 28. Welding Heat Exchanger Tubes t o  Tube Sheet. 
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Pumps. The MSRE me1 and coolant circulatAng pumps are very similar. 
Figure 29 shows the fuel  pump bowl and volute i n  process. 
element assembly i s  shown i n  Fig. 30. 
assembly i s  shown during hot performance t e s t s  i n  Fig. 31. 

The rotary 
The completed pump and drive motor 

Radiator. The radiator with i t s  furnace enclosure, shown i n  Fig. 
32, i s  one of the more complex MSRE components from the standpoint of 
fabrication. 
Fig. 33. 
thermocouples attached, i s  shown i n  Fig. 34. The completed coi l  assembly, 
prior t o  i t s  placement i n  the enclosure, i s  shown i n  Fig. 35. 

The main header i n  i t s  early fabrication stage i s  shown i n  
A closeup o f t h e  tube-header assembly i n  process, with sheathed 

Reactor and Core. As with a l l  other MSHE components, extreme care 
and c r i t i ca l  inspection went into the fabrication of the reactor vessel 
and core assembly. 
the vessel, and Fig. 37 shows the attachment of vanes t o  remove the swirl 
from the f’uel and t o  direct i t s  flow through the graphite core. Figure 
38 shows the flow distribution and Fig. 39 
la t ion of the graphite core. The core assembly a t  the halfway point i s  
shown i n  Fig. 40 and the completed assembly i n  i t s  can i n  Fig. 41. The 
reactor access nozzle and the control rod thimbles are shown during fab- 
rication i n  fig. 42. 
i n  Fig. 43, prior t o  f i na l  attachment t o  the completed vessel, which i s  
shown i n  Fig. 44 ready fo r  shipment t o  the reactor instal la t ion s i te .  

Figure 36 shows the machining of the bottom head for  

the vessel ready for instal-  

The completed control rod thimble assembly i s  shown 

Fig. 29. Fabrication of Fuel Pump Bowl and Volute. 
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Fig. 30. Fuel Pump Rotary Assembly. 

1 

Fig. 31. Completed Fuel Pump on Hot Test Stand. 
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Fig. 32. MSFE Radiator and Furnace Enclosure. 
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Fig. 33. Main Header f o r  the MSRE Radiator I n  Process. 

. 
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Fig. 34. Radiator Tube-to-Header Assembly with Thermocouples A t -  
tached t o  Each Tube. 



t 



I 

i -  i 

l 

i .  
i t  

I 
I *  

1 -  j_ 
j 
i 

i 

I 
! 
i .  

I 

j 

I 

i 

I=. 
I 
I 
! 
i -  

I ! i - ,  ! 

17 

77 

Fig. 36. Machining Bottom Head for Reactor Vessel. 

Fig. 37. Attachment of Flow-Straightening Vanes t o  Reactor Vessel. 
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Fig. 38. Reactor Vessel In le t  Nozzle and Flow Distribution. 

Fig. 39. Reactor Vessel Ready t o  Accept Graphite Core Assembly. 
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, ' k /  Fig. 4.0. Assembly of Graphite Bars into MSHE Core. 
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Fig. 41. Completed Graphite Core Assembly. 

i 

I Fig. 42. Reactor Access Nozzle and Control Rod Thimbles In Process. 
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Fig. 43. Completed Control Rod Thimble Assembly. 
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Fig. 44. %actor Completed and Ready fo r  Shipment t o  MSRF, Site. 

. . . . .  . 



NUCLEAR CHARACTERISTICS OF "HE MSRE? - -- L__ 

R. J. Ehgel 
>- 

i 
I 

Basis of Core Design 

The basic concept of the MSRE is a cylindrical vessel containing a 
graphite matrix for neutron moderation through which a molten-salt fuel 
is circulated. To provide a logical basis for the core design, several 
preliminary studies were made to establish the dependence of a limited 
number of nuclear properties on important core parameters. 
nations of the components of the fuel mixture were considered in these 
calculations; the nominal compositions and densities are listed in 
Table 1. 

Three combi- 

l Effect of Core Size 

The effect of core size on the critical concentration and mass of 
uranium was examined for  a series of cores containing 8 vol $ of type I 
fuel (Table 1). Calculations were made for two core heights (5.5 and 
10 ft) and four diameters (3.5, 4.0, 4.5, and 5.0 ft). The resultant 
critical concentrations (in mole Q total uranium) and critical masses 
(in kilograms of 235U) are shown in Fig. 1. 
uranium inventory in the circulating loop outside the core. 

No allowance was made for 

Effect of Fuel Volume Fraction 

Two preliminary studies of the effect of fuel volume fraction were 
made in the range from 8 to 16 vol $ using fuel mixtures I and 11. 
were superseded by a more detailed study using fuel I11 after mechanical 
design and chemical studies had established firmer values fo r  the core 
size and fuel composition. The core used had a 27.7-in. radius and was 
63 in. high. Uniform fuel volume fractions from 0.08 to 0.28 were con- 
sidered, and system inventories were based on a fuel holdup of 38.4 ft3 
outside the core. In addition to the calculations of critical mass and 
inventory, preliminary calculations were made of the fuel temperature 
coefficient of reactivity and the reactivity effect associated with 
permeation of 796 of the graphite volume by fuel salt.* 
this study are summarized in Table 2 for the fie1 volume fraction range 
from 12 to 28$. 

Miscellaneous Studies 

These 

The results of 

A number of calculations were made to evaluate at least the critical 
In some concentrations and masses for several other core configurations. 

cases neutron flux distributions were also obtained. 
consi dere d included : 

The configurations 

* u  
c 

+This fraction was at that time the estimated fraction of the graphite 
volume accessible to kerosene. 
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Table 1. Nominal Fuel Compositions and Densities Used in 
MSRE Survey Calculations 

Fuel type I I1 I11 

Composition, mole $ 
LiFa 64 64 70 

BeF2 31 31 23 

m 4  4 0 1 

&F4 0 4 5 

m4b 1 , 1  1 

Density, g/cm3 2.2 2.2 2.47 

UNCL ASS1 F I ED 
ORNL- LR-OWG 5 0 5 9 2 A  

50 

I 

5.5 ft H I 
\r- I 

5.5ft H I 

I I 
I I IO f t  

3.5 4.0 4.5 5.0 
CORE DIAMETER (ft) 

Fig. 1. Critical Concentration and Mass as a Function of Core Size. 
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Table 2.  Effect of Fuel Volume Fraction on Nuclear 
Characteristics of MSRE 

Core dimensions: radius, 27.7 in.; height, 63 in. 
Nominal composition of fuel: LiF-BeFz-ZrF2-ThFq-UF4 

(70-23-5-1-1 mole 46)  
Temperature : 1200'F 
Fuel density: 2.47 g/cm3 
Graphite density: 1.90 g/cm3 

Fuel fraction, vol $ 12 14 16 20 24 28 
Critical fuel concen- 0.296 0.273 0.257 0.238 0.233 0.236 

Critical mass, kg of 11.0 11.8 12.7 14.8 17.4 20.5 

System 235U inventory,a 51.0 48.6 47.4 47.1 48.7 52.4 

&el temperature coeff., -3.93 -3.83 -3.70 -3.44 -3.16 -2.86 

tration, mole 46 u 
235u 

kg 

(Gk/k)/'F (X lo') 
Permeation effect,b 11.4 9.7 8.3 6.1 4.6 3.5 

46 W k  

Core plus 38.4 ft3 of fuel. a 

bPermeation by fuel salt of 746 of graphite volume. 

1. Cores containing two concentric regions with different fuel volume 
fractions. Three combinations were evaluated. 

Cores containing three concentric regions with different fuel volume 
fractions. Thirteen combinations were evaluated. 

Cores in which the solid moderator was a11 in a reflector or partly 
in a reflector and partly in an island at the center of the core. 
Graphite, beryllium, and beryllium oxide were evaluated as solid 
moderators for both configurations. 

2. 

3. 

4. Cores in which the fuel was confined within INOR-8 tubes. Three fuel 
volume fractions were evaluated for each of three tube thicknesses. 

None of these configurations showed any significant advantage over the 
uniform, one-region core. 
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Choice of Final Configuration 

A t  an early stage of the design it was decided that  the core would 
be approximately 4.5 f t  i n  diameter and 5.5 f t  high, a f te r  calculations 
showed that  the critical. mass was relatively insensitive t o  core size i n  
t h i s  region (Fig. 1). 
it was near the minimum c r i t i c a l  concentration of uranium and had a 
favorably low reactivity effect  due t o  fuel  permeation of the graphite. 
(The nominal fuel  fraction was 0.24, but t h i s  was reduced t o  0.225 be- 
cause of mechanical considerations regarding the graphite moderator bars. ) 

A fuel  volume fraction of 0.225 was chosen because 

Basic Nuclear Properties 

Description of Core 

The f ina l  design of the core and teactor vessel i s  shown i n  Fig. 6 
i n  the preceding paper. 
the top of the vessel and flows downdd through an annular region out- 
side the graphite t o  the lower head. Antiswirl vanes i n  the lower head 
direct the flow radially inward beforeli t  turns up t o  enter the fuel 
channels. After passing through the moderated portion of the core, the 
fuel  leaves the reactor vessel from the upper head. 
ator i s  supported by an INOR-8 g r id  which i s  suspended from the core can. 
The channeled region of the core consists of 2-in.-square, ver t ical  
graphite stringers, with half-channels machined into each face t o  provide 
fuel passages. 
where three control rod thimbles and a sample assembly are located. 
Figure 2 shows a typical fuel  channel and the arrangement around the core 
axis. 

Fuel salt entCrs through a flow distributor near 

The graphite moder- 

The regular pattern is  broken near the axis of the core, 

UNCLASSIFIED 
ORNL-LR-OWG 60845Af REACTOR C 

CONTROL ROD 

GUIDE TUBE 

GUIDE BAR 

REACTOR $ 

R=REMOVABLE 
STRINGER 

4 GRAPHITE IRRADIATIO 
SAMPLES ( 7/e-in. DIA 1 

r- 2 in.TYPlCAC' 

Fig. 2. MSHE Control Rod Arrangement and Typical Fuel Channel. 

c 

a 
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Methods of Calculation 

Most of the nuclear characteristics of the core were calculated for 
a somewhat simplified representation of the actual design which included 
as much detail as was practical. The actual configuration was approxi- 
mated by a two-dimensional model in R-Z geometry (cylinder with angular 
symmetry) containing 20 regions with different compositions based on the 
fractions of salt, graphite, and structural material in each. Limitation 
of the model to two dimensions resulted in a large savings in computing 
time, and the representation was considered adequate for most purposes. 
The principal shortcoming of the model was the representation of the three 
control rod thimbles. These were approximated by a single, cylindrical 
shell of metal around a cylinder of low-density fuel to account for the 
extra fuel around the thimbles and the air inside them. Special mathe- 
matical models were used where accurate representation of the region 
around the control rods was required. 

The nuclear characteristics of the reactor were calculated for three 
different fuel-salt mixtures with nominal compositions as shown in Table 
3.  In initial operation of the reactor a mixture very similar to fuel C 
w i l l  be used. 

Table 3.  MSRE Fuel Salts for Which Detailed Nuclear 
Calculations Were Made 

Fuel type A 

Salt composition, mole % 
LiFa 70 

BeF2 23.7 

W F 4  5 

93@4 1 
uF4 (approx) 0.3 

Uranium composition, at. Q 
2 34u 1 
235u 93 
236u I 

5 

Density at 1200°F, lb/ft3 144.5 

B 

66.8 

29 

4 

0 

0.2 

1 

93 

1 

5 

134.5 

C 

65 

29.2 

5 

0 

0.8 

0.3 
35 

0.3 

64.4 

142.7 

99.9926% 7Li, 0.0074% 6Li. a 
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Multigroup Calculations. The critical uranium concentration for 
each fuel was calculated by the use of MODRIC, a one-dimensional, multi- 
group neutron diffusion code. 
energy groups and a thermal energy cutoff at 0.4 ev. 
sections for most elements were generated by the use of GAM-I. 
the cross-section library that was available for this program did not 
include data for 6Li, 7Li, and 19F. 
isotopes were simulated with an equivalent amount of oxygen, and absorp- 
tion cross sections were compiled separately from basic data. 
cross sections for the thermal energy group were computed by the use of 
another program, THERMOS. 

This program was used with 32 fast-neutron 
Fast group cross 

However, 

The slowing-down effects of these 

Average 

In addition to the critical concentrations, the MODRIC calculations 
produced sets of two-group constants for each region of the 20-region 
model. 
necessary constants for all the regions with each fuel mixture. The 
MODRIC calculations also produced a neutron energy spectrum for each 
region (normalized to 1 neutron produced in the reactor). 

Three one-dimensional calculations were required to provide the 

Two-Group Calculations. Absolute spatial flux distributions at 10 
Mw were calculated for the complete 20-region model using the two- 
dimensional, two-group neutron diffusion code EQUIPOISE-3. 
also served as a check on the critical concentrations produced by the 
one-dimensional calculations. 

This program 

Other Calculations. The reactivity changes associated with changes 
in fuel and graphite temperature, fuel and graphite density, uranium 
concentration, and 135Xe concentration and poison fraction were calcu- 
lated for a one-region, two-group model of the core. 
used to investigate the effect of the thermal-neutron cutoff energy on 
the temperature coefficients. The latter study revealed that, for this 
system, the temperature coefficients of reactivity would be underestimated 
if the thermal energy cutoff were less than 1 ev. 

This model was also 

Summary of Results 

The basic nuclear characteristics'of the MSRE with each of the three 
fuel mixtures are summarized in Table 4 .  The critical concentrations 
shown are the results of the MODRIC calculations. These concentrations 
gave values for k 
respectively, when used in the EQUIFOISE program. 
fluxes are direct results of the EQUIFOISE calculations, as are the 
prompt-neutron lifetimes. 
from the single-region calculations. 
this table reflect the 1-ev thermal energy cutoff. 
temperature coefficients of reactivity were also computed for fuel C using 
the EQUIFOISE results. 
3 and 15% lower than those obtained with the single-region model. 
ever, the multiregion results are not necessarily more accurate because of 
assumptions that were made regarding the spatial dependence of the thermal- 
neutron spectrum. 

of 0.993, 0.997, and 0.993 for fuels A, B, and C, 
The thermal-neutron ef f 

The reactivity coefficients were obtained 
The temperature coefficients in 

Fuel and graphite 

The values for fuel and graphite were, respectively, 
How- 
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Table 4. Nuclear Characteristics of %RE with Various Fuels 

Fuel A Fuel B Fuel C 

Uranium concentration, mole $ 
Clean, noncirculating 

2 35u 0.291 
Total U 0.313 

operat inga 
23521 

Total U 

uranium inventory,b kg 

Initial criticality 
235u 

Total U 

operat inga 
2 3 5 ~  

Total U 

0.337 
0.362 

79 
85 

91 
98 

Thermal-neutron flux, neutrons 
cm-2 sec-l 

Maximum 3.31 x 1013 
Average in graphite- 1.42 x iox3 
moderated regions 

Average in circulating fuel 3.98 x 10l2 

Reactivity coefficientd 
Fuel temperature, ("F)-l -3.03 x 
Graphite temperature, -3.36 x 
("F)-1 

U r a n i u m  concentration 0.2526 

0.176 
0.189 

0.199 
0.214 

48 
52 

55 
59 

5.56 x 1013 
2.43 x 1013 

6.81 x 10l2 

-4.97 x 10'~ 
-4.91 x 10-~ 

0.3028 

lS5xe concentration in -1.28 X lo8  -2.04 X lo8 

135~e poison fraction -0.746 -0.691 
core, (atom/barn- an)-' 

Fuel salt density 0.190 0.345 
Graphite density 0.755 0.735 

fiompt-neutron lifetime, sec 2.29 X lcT4 3.47 x lcT4 

0.291 
0.831 

0.346 
0.890 

77 
218 

92 
233 

3.29 x 1013 
1.42 x 1013 

3.98 x 10l2 

-3.28 x 10-5 
-3.68 x 

0. 1754e 
0.2llof 

-1.33 X 10' 

-0.752 
0.182 
0 767 

2.40 x 10-4 

&Fuel loaded to compensate for 4$ 6k/k in poisons. 
bBased on 73.2 ft3 of fie1 salt at 1200°F. 
'At operating fie1 concentration, 10 Mw. 
aAt initial critical concentration. Where units are shown, coef- 

ficients for variable x are of the form (l/k)/(dk/dx); other coefficients 
are of the form (x/k)/(ak/ax). 

?Based on uranium isotopic composition of clean, critical reactor. 
fBased on highly (-93s) enriched uranium. 
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Table 5 summarizes the neutron balance for the reactor with fuel C 
at the clean, critical condition. The large leakage values illustrate 
the relatively small "nuclear size" of the MSRE. This factor has an im- 
portant effect on the size of the temperature coefficients of reactivity 
because changes in neutron leakage with temperature contribute heavily to 
the coefficients in this reactor. 

Figures 3 and 4 show, respectively, the axial and radial distribu- 

The zero position for the axial distribu- 
tions (at the position of maximum thermal flux) of the two-group neutron 
fluxes at 10 MM with fuel C. 
tions is the bottom of the graphite matrix in the core. 
distribution in the main portion of the core (0 to 65 in.) is very closely 
approximated by a sine distribution with an effective core height of 78 
in. The depression in the radial distribution of the them1 flux near 
the axis is caused by the control rod thimbles and the extra fuel that 
surrounds them. 

The thermal flux 

Table 5. Neutron Balance for Fuel C at the Clean, Critical Condition 
(per lo5 neutrons produced) 

Absorptions 
235U 238U Salta Graphite INOR Total 

Region 

Main core 
Upper head 
Lower head 
Downcomer 
Core can 
Reactor vessel 

Total 

45,459 7252 

3,031 928 

1,337 449 

1,496 338 

0 0 

0 0 

51,323 8967 
- 

4364 795 

675 1 
294 0 

203 0 

0 0 

0 0 

5536 796 
- - 

1380 59,250 

131 4,766 

1480 3,560 

0 2,037 

3635 3,635 

3056 3,056 

9682 76,304 
- 

Leakage 

Fast Slow Total 
Surface 

TOP 1,991 10 2,001 

Sides 19,619 1004 20,623 

Bottom 1,068 4 1,072 

Total 22,678 1018 23,696 

aConstituents other than 235U and 238U. 
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Some additional calculations have been made in an effort to define 
the basic nuclear properties of the reactor more precisely. An improved 
version of the cross-section program, GAM-11, which includes lithium and 
fluorine is now available. 
the critical concentrations are overestimated by about 14%. 
ence is due primarily to the slowing-down effect of inelastic neutron 
scattering by 19F which was not considered in the earlier calculations. 

Calculations using this program indicate that 
This differ- 

Some calculations were performed to evaluate the advantages of using 
32 fast-neutron groups. 
and 4 fast groups were generated using the GAM-I1 program. 
sections were used in one-dimensional diffusion calculations (MODRIC) of 
the critical concentration. All the calculations agreed to within 1% on 

Sets of multigroup cross sections with 32, 16, 8, 
These cross 

( x 
14 

12 

2 

0 
-10 0 10 20 30 40 50 

AXIAL POSITION (in.) 

UNCLASSIFIED 
ORNL-DWG 63-84490. 

( x 10'~) 

60 70 80 

7 

6 

c .- 
5 '0 

v) 

N 
I 
E 

4 Y )  
e 
c 
3 * - 

3 5  
U 
J a 
E 

2 Y  
I- 

4 

0 

Fig. 3.  Axial Distribution of Two-Group Fluxes 8.4 in. frm Core 
1 

Center Line, Fuel C. l a d  



92 

( x 10131 
16 

(4 

12 

c 
I 
{ 10 

N 

E I 
0 

u) 
K 
0 

3 
Q) c 

4- . - a  

v 

X 
3 
A 
IL 

v) 
I - 6  

2 

4 

2 

0 

t 
7 

UNCLASSIFIED 
ORNL-DWG 63-8l51A 

( iot3) 

0 5 10 15 20 25 30 
RADIUS (in.)  

Fig. 4. Radial Distribution of Two-Group Fluxes near Core Midplane, 
Fuel C. 



I -  
/ ."  93 

' b  

. 
I C  

i 
i 

c r i t i c a l  concentration, indicating the adequacy of the four-group treat- 
ment fo r  future work. 

Effects of Fuel Circulation 

The f ac t  that the fue l  circulates through the MSRE core has a defi- 
nite effect  on some of the nuclear properties. 
given separate consideration are the loss  of some of the delayed neutrons 
and the effects  of gas bubbles i n  the circulating stream. 

Subjects t ha t  have been 

Delayed Neutrons. Since the t r ans i t  time through the active region 
of the core (where the f iss ion density i s  substantial) is  only about one- 
t h i r d  the loop t r ans i t  time, s ignif ic int  portions of the delayed neutrons 
from the longer-lived precursors are  emitted outside the core, where they 
are l o s t  t o  the chain reaction. Calculations have been made t o  evaluate 
th i s  lo s s  under steady-state operating conditions. For this purpose, the 
core was  approximated as a single-region cylinder with uniform fue l  flow 
velocity. The effect  of the precursor movement on the ax ia l  distribution 
of the delayed-neutron emission densities i s  shown i n  Fig. 5 .  The source 
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of delayed neutrons from the shortest-lived group of precursors has es- 
sentially the same distribution as the prompt-neutron flux. 
extreme the distribution from the longest-lived group is nearly flat. 
The effects of the distorted source distributions and the lower average 
energies of the delayed neutrons on their nonleakage probabilities were 
included in the evaluation of the effective delayed-neutron fraction. 
total effective fraction of delayed neutrons is 0.00362 at a 1200-gpm 
circulation rate and is 0.00666 in the static core. 
precursors is 0.00641. 
in subsequent kinetics calculations instead of trying to account for 
precursor transport during transient conditions. 

At the other 

The 

The total yield of 
The effective delayed-neutron fraction was used 

Gas Bubbles. The use of the xenon-stripping device in the fuel-pump 
bowl results in the introduction of helium gas bubbles into the circulating 
fuel stream. 
about 1 vol 
fuel compressible, causing a pressure coefficient of reactivity. In addi- 
tion, the presence of the gas modifies the fuel temperature coefficient 
of reactivity because the density of the salt-gas mixture changes with 
temperature at a rate different from the density of the salt alone. 

At operating conditions the fuel in the core may contain 
of helium bubbles. The presence of these bubbles makes the 

For rapid changes in pressure the mass of helium in the core remains 

However, for very slow changes, the gas volume in 
essentially constant, and the reactor exhibits a positive pressure coef- 
ficient of reactivity. 
the core is inversely proportional to the compression ratio between the 
pump bowl (where the gas is introduced) and the core. 
negative pressure coefficient. 
ature coefficient of the mixture density; this leads to an increase in the 
size of the negative temperature coefficient of reactivity. 

activity with entrained gas in the core are listed in Table 6 for  a core 
temperature of 1200°F and a pump-bowl pressure of 5 psig. 

"his leads to a 
The presence of gas increases the temper- 

The magnitudes of the pressure and temperature coefficients of re- 

During normal operation, the presence of entrained gas introduces 
additional power "noise" as fluctuations in core outlet pressure are con- 
verted to reactivity perturbations. In power excursions the gas enhances 
the negative temperature coefficient of reactivity of the fuel. 
same time, the pressure coefficient makes a positive contribution to re- 
activity during at least part of the power excursion. 
relation between pressure rise and temperature rise in any credible ex- 
cursion is such that the net reactivity feedback from the combined pres- 
sure and temperature effects is negative. 

At the 

However, the 

Control Rods 

The MSRE contains three flexible control rods whose centers are lo- 
cated at three corners of a &in. square around the axis of the core. 
The rods operate in re-entrant INOR-8 thimbles, 2 in. in diameter with 
0.065-in. walls. 
by 0.84 in. ID and 1.3 in.long, containing 30 w t  $ 

The poison elements are hollow cylinders, 1.08 in. OD 
and 70 w t  $ 



. 
95 

. 
* 

. 

Table 6. Reactivity Coefficients with Entrained Gas in Core" 

Fuel A Fuel B Fuel C 

Fuel density coefficient of 0.190 0.345 0.182 
reactivity 

Fuel temperature coefficient of 
reactivity, (OF)-' (X LO+ ) 
No gas or slow changes -3.03 -4.97 -3.28 
with gas 

Rapid changes with gas -3.14 -5.17 -3.39 

Pressure coefficient of reac- 
tivity, psi-' (X 

Slow changes with gas -3.8 -7 .O -3.7 
Rapid changes with gas +6.3 +11.4 +6 .O 

&Evaluated at T = 1200°F, P = 36.5 psia (pump-bowl pressure, 5 psig). 

GdzOs. 
control rod. 

Thirty-six such elements, each clad inIncone1,are used for each 

Rod-Worth Calculations 

The initial rod-worth calculations were done in two dimensions with 
For this 

The poison ele- 

two neutron energy groups (fast and thermal) with EQUIPOISE-3. 
purpose a horizontal cross section of the core was represented in X-Y 
geometry, and an equivalent axial buckling was applied. 
ments were regarded as "black" to thermal neutrons and transparent to 
fast neutrons. 
of the square representation of each rod thimble was equal to that of the 
actual item. 
with the insertion of three control rods completely through the core f o r  
each of the three fuels. The calculations were extended for fuel A to ob- 
tain the effects of various combinations of fully inserted rods. 
EQUIPOISE-3 calculations, in R-Z geometry with a single control cylinder, 
were used to estimate the variation in worth with insertion distance. 

The control rod "cells" were sized such that the perimeter 

These calculations gave the reactivity effect associated 

Other 

Table 7 lists the total control rod worths obtained from the 
EQUIPOISE-3 calculations. 
for fuel A indicate the existence of appreciable interaction or "shadowing" 
between the rods. All values are for a clean reactor with uranium con- 
centrations corresponding to the ''just critical" condition without rods. 
Figure 6 shows the fractional worth of a rod or bank of rods as a f'unction 
of fractional distance inserted. 
left of the idealized 

The worths of the various combinations listed 

This curve is displaced somewhat to the 
sin2 curve. 6, 

. 
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Subsequent calculations which considered epithermal absorptions in 
the poison elements have been made using the MTERMINATOR program in two 
dimensions with the cross section of the core represented in R-8 geometry. 
Four neutron energy groups were used: 
and two groups covering the important gadolinium resonances. Two calcu- 
lations were made: one using the latest clean, critical uranium concen- 
tration computed for fuel C with GAM-I1 cross sections and one with fuel 
containing 1.9% 6k/k of fission product poisons compensated by additional 
235U. 
In the clean case, epithermal absorptions accounted for 12% of the rod 
worth. 

a fast group, a thermal group, 

The results were, respectively, 5.51 and 5.22% 6k/k for three rods. 

Table 7. Control Rod Worths in the MSRE 

Fuel Rod Configuration 

A Three rods in 5.6 
Rod 1 in, rods 2 and 3 out 2.4 
Rod 2 in, rods 1 and 3 out 2.3 

4.4 
Rods 1 and 2 in, rod 3 out 4.1 

B Three rods in 7.6 

Rods 1 and 3 in, rod 2 out 

C Three rods in 5.7 

f.0 
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Control Requirements 

Since the fue l  i n  t h i s  reactor i s  fluid,  it is  not necessary f o r  the 
control rods t o  perform flux-flattening functions for optimization of 
burnup and fuel-to-coolant heat transfer. In  addition, the temperature 
distributions i n  the core are m i l d  enough tha t  temperature gradients are 
no problem. 
manner possible, consistent with good react ivi ty  control. 

As a result the control rods can be operated i n  the simplest 

In  general, the two shim rods wi l l  be kept a t  equal distances of 
insertion, and the servo-operated regulating rod w i l l  be inserted deeper 
t o  keep the t i p  out of the "shadow" of the s h i m  rods. The capability of 
adding uranium a t  any time t o  compensate fo r  burnup and stable poison 
buildup permits steady operation a t  full power w i t h  the rods almost com- 
pletely withdrawn. The only requirement i s  tha t  the rods be deep enough 
so the insertion of negative reactivity i s  not delayed by t ravel  time i n  
regions of low effectiveness. 

The driven speed of a l l  three rods i s  0.5 in./sec i n  both directions. 
This allows the regulating rod t o  change react ivi ty  a t  0.02 t o  0.04$ 
6k/k per second, depending on i t s  position within the allowed operating 
range. 
provides adequate control for  a l l  normal operations. The maximum capa- 
b i l i t y  f o r  react ivi ty  addition with a l l  three rods moving i n  the region 
of m a x i m u m  sensi t ivi ty  i s  O.O@ 6k/k per second fo r  fuels A and C and 
0.1$ per second f o r  fue l  B. 

Extensive analog computer studies indicated tha t  t h i s  capability 

The shim requirements t o  compensate fo r  transient reactivity effects  
during operation are given i n  Table 8. 
the control rod worths, allow for  a shutdown margin of at  leas t  3% 6k/k a t  
1200°F f o r  a l l  operating conditions. 

These requirements, coupled w i t h  

The major uncertainty i n  the shim 

Table 8. Rod Shim Requirements 

Effect ($ 8k/k) 

Fuel A Fuel B Fuel C 
Cause 

Loss of delayed neutrons 0.3 

Entrained gas 0.2 

Power (&lo M W )  0.06 

135xe (equilibrium a t  10 M W )  0.7 
Samarium transient 0.1 

Burnup (120 g of 235U) 0.03 - 
Total 1.4 

0.3 0.3 

0.4 0.2 

0.08 0.06 

0.9 0 07 
0.1 0.1 
0.07 0.03 - - 
1.9 1.4 
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requirements is that associated with 135Xe. Because of difficulties in c j *  
calculating this quantity, its evaluation will be the subject of extensive 
experimental analysis. 
given are conservative. 

However, present indications are that the values 

Core Temperatures 

The distributions of the fuel and graphite temperatures in the core 
are of interest because of their effects on reactivity, particularly in 
connection with power changes. 
calculated for the nominal full-power conditions (i.e., a fie1 flow rate 
of 1200 gpm and a temperature rise of 50'F) in the reactor. Results are 
presented for fuel C, but those for fbels A and B were practically the 
same. 

Overall temperature distributions were 

Fuel Temperatures 

For purposes of these calculations, the contents of the reactor 
vessel can be divided into a main core region, where most of the power 

Fig. 7. R a d i a l  Temperature Profiles near the Core Midplane. 

8 

A 

.I 
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is  generated, and a number of peripheral regions associated with the 
in l e t  and outlet .  
that contains the graphite moderator. 

The main core region i n  this context i s  that portion 

Approximately 14$ of the reactor power i s  produced in, or transferred 
to, the fue l  as it flows through the peripheral regions. 
resul ts  i n  a 3.6OF temperature r i s e  i n  the fue l  before it enters the main 
core region and another 3.4'F r i s e  as it flows through the upper head t o  
leave the vessel. 

A t  10 Mw th i s  

The spatial distribution of the fuel temperature i n  the main core 
region was  calculated by combining the fission-density distribution 
produced by EQUIPOISE-3 and the fuel-flow distribution predicted by 
hydraulic studies on a full-scale model of the reactor vessel. 
conduction i n  the graphite was neglected, so heat produced i n  the graphite 
w a s  transferred t o  the fue l  with approximately the same axial  distribution 
as tha t  of the fue l  heat source. The resul ts  of t h i s  calculation describe 
only the distribution of the average temperatures i n  the fuel channels. 
Variations i n  fue l  temperature within individual channels are superimposed 
on t h i s  distribution. 

Axial 

Figures 7 and 8 show the overall radial temperature distribution near 
the core midplane and the axial distribution i n  the hottest  fue l  channel. 
These resul ts  are based on average fue l  inlet  and outlet  temperatures of 
1175 and 1225OF respectively. The low temperatures near the axis i n  the 
radial distribution resul t  from the fac t  that the flow velocity i n  th i s  
region i s  about three times the average for  the core. 
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Graphite Temperatures 

Heat produced in the graphite by absorption of beta and gamma radia- 

Figures 9 and 10 show the radial 
tion and the elastic scattering of fast neutrons amounts to about 7$ of 
the total heat produced in the reactor. 
and axial distributions of heat generation in the graphite. Since this 
heat must be transferred to the fuel for removal, the temperature of the 
graphite is, in general, higher than that of the fuel in the adjacent 
channels. The temperature difference is enhanced by the fact that the 
fuel near the channel walls is hotter than the average for the channel 
(Poppendiek effect). 

w i l l  also enhance the graphite-fuel temperature difference. 
indicates the effect of fuel permeation on the maximum difference between 
the average temperature of a graphite stringer and the average for an 
adjacent fuel channel. The overall radial and axial temperature profiles 
in the graphite are shown in Figs. 7 and 8.  

Permeation of the graphite by fuel, if it occurs, 
Table 9 

Table 9. Maximum Values of Graphite-Fuel Temperature Difference 
as a Function of Fuel Permeation 

Fuel permeation, vol $I of graphite 0 0.5 2 .o 
~~ 

Graphite-fuel temperature difference, OF 
Poppendiek effect in fuel 55.7 58.3 65.4 
Graphite temperature drop 5.5 6.7 9.8 

Total 61.2 65.0 75.2 
- - - 

Average Temperatures 

The concept of average temperatures has a number of useful applica- 

The bulk average temperature, particularly of the fuel, is 
The 

tions in operating and in describing and analyzing the operation of the 
system. 
essential for all material balance and inventory calculations. 
nuclear average temperatures of the fuel and graphite, along with their 
respective temperature coefficients of reactivity, provide a convenient 
means of assessing the reactivity effects associated with temperature 
changes. 

The fuel and graphite bulk average temperatures computed for the 
reference condition (1175'F inlet, 1225OF outlet) were 1199.5 and 1229'F 
respectively. 
graphite average temperature by 4.4OF. 

Fuel permeation of 2% of the graphite volume increases the 

Nuclear average temperatures were obtained by weighting the tempera- 
For the same ture distributions with their nuclear importance functions. 

reference conditions, the nuclear average temperatures of the fuel and 
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graphite were 1211 and 1255'F respectively. 
permeation in this case was an increase of 7'F in the graphite nuclear 
average temperature. 

The effect of 2 vol fuel 

Power Coefficient of Reactivity 

Whenever the reactor power is raised, temperatures of the fuel and 
graphite throughout the core must diverge. 
temperature distributions at power and the relations between inlet, out- 
let, and average temperatures are inherent characteristics of the system 
which are not subject to external control. On the other hand, the position 
of the temperature distribution at power, relative to the temperature of 
the zero-power isothermal reactor, can be controlled by manipulation of 
the control rods. The amount of control rod manipulation, or  reactivity 
change, required to maintain a particular temperature relation may be re- 
garded as a power coefficient. 
prescribed, it is possible to evaluate the power coefficient. However, 
this coefficient is not a constant since it depends on the arbitrary 
prescription of the temperature behavior. 
of the MSRE and some pertinent temperatures for three fuels and three 
different modes of temperature control are given in Table 10. 

However, the shape of the 

Once the temperature behavior has been 

Values of the power coefficient 

Fission Product Poisoning 

Operation of the reactor at power and changes in power level will 
produce changes in reactivity as fission products are built up and/or 

Table 10. Power Coefficients of Reactivity and Temperatures at 10 Mw 

Power Coefficient Temperature" - 
Mode of Control [ ( q d  Wk)/MwI (OF) 

T T* 
(out) (in) TI g 

FuelA FuelB FuelC T 

-0.006 -0.008 -0.006 1200 1150 1186 1230 

T + T  
(Out) (in) -0.022 -0.033 -0.024 2 C ons t ant 1225 1175 1211 1255 

"Hands off" 

Fuel A 0 1191 1141 1177 1221 
Fuel B 
Fuel C 

0 1192 ll42 1178 1222 
0 1191 1141 1177 1221 

System isothermal at 1200'F at zero power. a 
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destroyed. 
fission products, which depends primarily on integrated power, will be 
compensated by periodic additions of 235U. However, the transient ef- 
fects, such as those due to 135Xe and 14gSm, will be compensated by 
control rod manipulation. 

The negative reactivity effect due to the buildup of stable 

Xenon-135 

The reactivity effects associated with the buildup and decay (or 
removal) of 135Xe are expected to form a significant part of the shim 
requirements in this reactor. Because of this and the uncertainties in 
predicting the xenon behavior, this problem will be studied extensively 
during the operation of the reactor. 
been made, using rather gross assumptions, to estimate the xenon poisoning 
at f u l l  power. 

Some preliminary calculations have 

Production Mechanisms. Xenon-I35 is produced directly from fission 
of uranium as well as from the radioactive decay of circulating with 
the fuel. 
sumably will not be stripped out in the pump bowl, may be trapped either 
in the graphite or  on metal surfaces. Xenon produced from the decay of 
fixed iodine may have significantly different residence times, inside or 
outside of the core, than that produced in the circulating stream. The 
possibility of xenon production from he1 salt that is soaked into the 
graphite further increases the complexity of the problem. 

In addition, there is a possibility that iodine, which pre- 

Destruction Mechanisms. There are two major competing mechanisms 
for the removal of 135Xe from the circulating fuel. 
in the pump bowl and migration to the unclad graphite moderator. 
mately 8576 of the 135Xe that gets to the graphite is destroyed by neutron 
absorption, thus adding to the poisoning effect; the remainder decays to 
13%s. 
ficiency are highly uncertain, but it appears that 50% or more of the 
total 135Xe produced may be removed at the pump bowl. 
major mechanisms, it is also necessary to consider the decay and burnup 
of xenon in the fuel itself. Different destruction rates for xenon 
produced from trapped iodine and from fuel soaked into the graphite should 
also be considered in a complete analysis. 

These are stripping 
Approxi- 

Both the xenon migration to the graphite and the stripping ef- 

In addition to the 

Poisoning Effect. Preliminary calculations of the xenon poisoning 
were made for a range of pump-bowl stripping efficiencies and three 
assumed values of the xenon diffusion coefficient in graphite. In these 
calculations it was assumed that all the iodine circulated freely with 
the fuel and that all the xenon is produced in circulating fuel (no fuel 
soakup in graphite). The expected 
values reflect a xenon diffusion coefficient in graphite of 1.5 x 
ft2/hr ( 4  x cm2/sec), and the maximum and minimum values show the 
effect of increasing and decreasing the parameter by a factor of 100. 

The results are shown in Table 11. 

An important assumption in these calculations was that all the 
circulating xenon was in solution in the salt. It has recently been 
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Table 11. Reactivity Effects of 135Xe 
~~ 

Fuel A or  C Fuel B 

Pump bowl stripping efficiency, % 25 50 100 50 

Reactivity effect ,  $I 6k/k 

Ekpec t e d -1.2 -0.7 -0.5 -0.9 
Minimum -1.0 -0.5 -0.3 -0.5 
Maximum -1.7 -1.2 -0.9 -1.5 

shown tha t  the presence of circulating helium bubbles, introduced by the 
stripper flow i n  the pump bowl, has a pronounced effect  on the xenon be- 
havior. Because of the extreme #insolubili ty of xenon i n  molten sa l t ,  the 
addition of 1 vol % of circulating helium bubbles reduces the equilibrium 
xenon pa r t i a l  pressure ( in  the s a l t  and bubbles) by a factor of about 40, 
fo r  a given t o t a l  amount of xenon i n  circulation. 
the circulating xenon will be i n  the bubbles. Since the xenon par t ia l  
pressure provides the driving force for  migration t o  the graphite, the 
preliminary calculations may overestimate the contribution t o  the poison- 
ing by xenon i n  the graphite. 

That is, about 98% of 

Samarium 

Assuming tha t  a l l  the samarium circulates with the fuel, the buildup 
of t h i s  f iss ion product w i l l  ultimately poison about 0.9% 6k/k at  10 Mw. 
This  level  w i l l  be approached a f t e r  about 100 days' operation at  f u l l  
power. This effect  can be Compensated by uranium addition t o  the fuel.  
However, each time the power i s  reduced t o  zero, the samarium poisoning 
will increase an additional O.l$ over a period of 7 days. 
i s  burned out i n  about 7 days by operation a t  full power. 
0.1% 6k/k samarium transient need be compensated by the control rods. 

Low-Cross-Section Poisons 

T h i s  increase 
Thus only the 

The large majority of the f iss ion products may be regarded as an 
aggregate of low-cross-section nuclides. 
group increases i n i t i a l l y  at  a r a t e  of about 0.003% 6k/k per day a t  f u l l  

The poisoning effect  of th i s  

power. 

Neutron Sources 

The presence of a neutron source tha t  i s  independent of the f iss ion 
chain reaction i s  essent ia l  t o  the safe and orderly operation of the re- 
actor. Three classes of source neutrons w i l l  be available during the 
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operation of the MSm. 
inherent i n  the fuel  i t s e l f ,  photoneutrons produced by decay of f iss ion 
products, and the external source. 

These include neutrons from the source that i s  

Inherent Source 

The fact  t ha t  the uranium is intimately mixed with the other con- 
s t i tuents  of the fuel  salt provides a substantial source of neutrons from 
the interaction of alpha particles from the uranium w i t h  beryllium and 
fluorine. Some neutrons are also produced by the action of alpha par t ic les  
on lithium, but t h i s  yield i s  negligible compared t o  that  from fluorine 
and beryllium. Diffusion-plant enrichment of uranium i n  235U also in- 
creases the 234U content, and about 97% of the alpha act ivi ty  that  leads 
t o  neutron production is  due t o  234U. 
place i n  fluorine because of i t s  high concentration i n  the fuel. 
t o t a l  yield of a n  neutrons from the fuel i n  the core varies between 3 
and 4 x lo5 neutrons/sec, depending on the choice of fuel. There i s  also 
an inherent source due t o  spontaneous fission, primarily of 238U, but this 
amounts t o  less than 1s of the a n  source, even i n  fuel  C, which contains 
about 0.6 mole $ 238U. Since the inherent source i s  always present i n  
the reactor when the f i e1  is  there, it provides an absolutely reliable 
source whose presence need not be externally verified. 
inherent source has been shown t o  be adequate from the standpoint of re- 
actor safety. 

Over half of the a n  reactions take 
The 

The size of the 

Photoneutron Source 

Once the reactor has been operated a t  power, the action of gamma 
rays from the decay of f iss ion products on the beryllium i n  the fuel pro- 
vides an additional source of neutrons. 
of lo7 neutrons/sec i n  the core for  50 days after operation a t  f u l l  
power for  1 week. 

This source provides a minimum 

External Source 

From the standpoint of orderly operation, it is  desirable t o  monitor 
the f i l l i n g  of the reactor (during routine startups) with the nuclear 
instruments from the start of this operation. Since detection of the 
inherent source requires that  some fue l  be i n  the reactor, an external 
source i s  required for  th i s  purpose. The external source w i l l  also serve 
a number of useful purposes during the i n i t i a l  startup program. 

A thimble i s  provided for  the insertion of a neutron source i n  the 
thermal shield which surrounds the reactor vessel. Because of the dis- 
tance from the source thimble t o  the detectors on the opposite side of 
the reactor and the low sensit ivity of the chambers (0.026 'count/nv), a 
relatively large source w i l l  be required t o  produce a significant count 
ra te  (>2 counts/sec) on the startup f iss ion chambers when there i s  no 
fue l  i n  the core. 
program EQUIPoISE BURNOUT indicate the need for  a source of 4 x lo7 
neutrons/sec for  t h i s  purpose. 

Calculations using the two-group, two-dimensional 
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The source requirement could be met with an antimony-beryllium 
source, but the 60-day half- l i fe  of 324Sb dictates a substantially greater 
source t o  avoid frequent replacement. 
shield a t  the source tube i s  too low t o  maintain the 124Sb activity,  even 
a t  f u l l  power.) 

ment, the f i n a l  specification of the external source wi l l  be based on 
measurements t o  be made with the reactor vessel installed.  The con- 
struction and s tar tup schedule i s  such tha t  there i s  t i m e  fo r  procurement 
of a source a f t e r  these measurements and before the source is  needed fo r  
nuclear operation. 

(The neutron f lux i n  the thermal 

Because of uncertainties i n  the calculations of the source require- 

Kinetics 

A number of studies, using both d ig i ta l  and analog computer tech- 
niques, have been made t o  explore the kinetic behavior of the reactor. 
These calculations can be divided in to  two categories: 
small disturbances such as  random "noise" and changes i n  load demand that 
would be encountered i n  normal operation, and those dealing with major 
disturbances tha t  a r i se  from abnormal si tuations.  

those dealing with 

Normal O-oeration 

The reactor w i l l  be self-regulating during normal operation because 
of the negative temperature coefficients of both the fue l  and graphite. 
The degree of self-regulation depends on the power level  and i s  rather 
sluggish even a t  full power. 
response of the system. 

A number of factors contribute t o  the slow 
These include: 

1. low power density i n  the core, 

2. high heat capacities of the fue l  and graphite, 
3 .  low heat-transfer rate between f i e1  and graphite, 

4. 
5 .  

low heat production i n  the graphite, 

long loop delay times between the heat sink a t  the radiator and the 
heat source i n  the core. 

Figures I1 and 1 2  show the resul ts  of analog calculations of the 
system response t o  changes i n  load demand a t  the radiator, i n  the absence 
of external react ivi ty  control. 
were s tar ted a t  zero time, and the temperature and power response of the 
reactor were recorded. The slow decrease i n  fue l  temperatures a f t e r  the 
increase i n  power and the increase a f t e r  the power reduction re f lec t  the 
attainment of the steady-state temperature ,distribution i n  the graphite. 
The slow power osci l la t ion a t  low power was  observed i n  a l l  simulations 
and appears t o  be an inherent characterist ic of the system. 

In both cases, slow changes i n  demand 

During routine operation, some external reactivity control w i l l  be 
imposed through the use of a servo-operated regulating rod. This i s  ex- 

- 



* 108 

pected t o  improve the response of the system and t o  minimize the w -  
"wallowing" at  low power. A t  powers above 1 Mw the servo system w i l l  be 
used t o  regulate the reactor outlet  temperature, with reset action based 
on the nuclear power level. 
t rol led directly, and the heat removal w i l l  be manually balanced against 
the production. 

A t  lower powers the neutron flux w i l l  be con- 
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Power Demand. 

Response of Nine-Region Model of MSRE to a Decrease i n  

Abnormal Situations 

The consequences of several, highly abnormal reactivity incidents 
have been examined i n  de ta i l  t o  characterize the inherent safety of the 
reactor and t o  evaluate the instrumented safety system. The excursions 
associated with reactivity accidents are  inherently self-l imiting by 
virtue of the negative temperature coefficient of reactivity of the fuel. 
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(The negative temperature coefficient of the graphite i s  of l i t t l e  value 
during a rapid excursion because of i t s  long reaction time.) 
action of the safety system is  required t o  prevent equipment damage i n  
the most severe cases considered. 

However, the 

One of the greatest possibi l i t ies  fo r  equipnent damage i n  this system 
However, the pressure excursions i s  collapse of the control rod thimbles. 

calculated fo r  the core were very small, and they always occurred before 
the temperature excursions reached the point where they might reduce the 
allowable s t ress  on the thimbles. 

The react ivi ty  incidents considered, along with a brief description 
of how each might occur, are l i s ted  below. 
a t e  the credibi l i ty  of the occurrences. 

No attempt was made t o  evalu- 

1. 

2. 

3 .  

4 .  

5. 

6. 

7. 

Uncontrolled rod withdrawal- Simultaneous withdrawal of a l l  three 
control rods, with c r i t i c a l i t y  being attained while the  rods are 
moving i n  the region of maximum different ia l  worth, i s  postulated. 

Cold slug accident - The fue l  circulating pump i s  s tar ted with the 
core jus t  c r i t i c a l  a t  1200'F while the fue l  i n  the external loop is  
a t  900 OF. 

Abnormal concentration of uranium during fuel addition - A slug of 
120 g of 235U, added i n  the pump bowl, i s  assumed t o  go around the 
loop without dilution and enter the core as a "front" uniformly 
distributed t o  a l l  fue l  channels. 

Displacement of graphite by fue l  s a l t  - Loss of an en t i re  graphite 
stringer (62 in.  long) from the center of the core and replacement 
by fue l  salt i s  postulated. 

Premature c r i t i c a l i t y  during f i l l i n g  - The core i s  f i l l e d  a t  the maxi-  
mum possible ra te  with fuel  salt i n  which the uranium concentration 
has been increased 60% by selective freezing i n  the drain tank. 
Cr i t ica l i ty  i s  achieved with the core 60% f u l l .  

Loss of fue l  circulation - Failure of the power supply t o  the fue l  
circulating pump and the onset of natural-convection circulation are 
considered. 

Loss of load - Instantaneous loss of a l l  heat-removal capability a t  
the radiator i s  assumed. 

In  all the events considered, except the f i l l i n g  accident, the re- 
duction i n  react ivi ty  obtained by dropping any two of the three control 
rods (with a 0.1-sec time delay and an acceleration of 5 ' f t /sec2)  limited 
the power, temperature, and pressure excursions t o  easi ly  tolerable 
values. 
t o  equipment i n  the reactor c e l l  occurs. In  the case of the fuel-pump 
power failure,  an additional action, closure of the radiator doors, i s  
required t o  avoid freezing the coolant salt i n  the radiator. 

I n  t h i s  context, tolerable values are  those a t  which no damage 

t 
w 

f 

. 
a 

Aside from the f i l l i n g  accident, the incident with the greatest 
damage potential  i s  the uncontrolled withdrawal of the control rods. 

. 
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Figure 13 shows the resu l t s  of a d ig i ta l  calculation of the transients 
produced by the rod withdrawal with fue l  C i n  the reactor. 
a t  k = 1 w a s  2 mw, the minimum attainable with only the inherent CY-n 
neutron source present. 
c lear  tha t  intolerable temperatures would be reached. 
15 Mw can l imit  the temperature excursion t o  a tolerable value, even i f  
it i s  assumed tha t  one of the three clutches fails  t o  disengage. 
effect  of dropping two control rods, while the th i rd  continues t o  with- 
draw, i s  shown i n  Fig. 14. 
t r o l  rod w a s  much shorter than that assumed for  t h i s  analysis. 

The power 

If nothing were done t o  stop the rods, it is  
A rod scram a t  

The 

The actual response time of a prototype con- 

The f i l l i n g  accident represents a special case because the amount 
of react ivi ty  available i s  not limited t o  tha t  associated with a normal 
fue l  loading. 
withdrawn so tha t  the core i s  just  s l ight ly  subcrit ical  when completely 
full. T h i s  provides a capability fo r  rapid insertion of negative reac- 
t i v i t y  i n  the event of a power excursion during f i l l i ng .  
react ivi ty  tha t  could be added i n  the postulated accident i s  greater 

Prior t o  f i l l i n g  the reactor, the control rods w i l l  be 

However, the 
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than tha t  which can be compensated by dropping two control rods. 
resu l t  it is  necessary t o  stop fuel  addition t o  l imit  t h i s  incident. 

A s  a 

The occurrence of a high-flux signal causes, e i ther  directly or 
indirectly, three automatic actions, any one of which w i l l  stop the f i l l  
i f  it i s  i n  progress. 
during f i l l i ng ,  but the analysis i s  based on i t s  occurrence a t  15 Mw.) 
These actions are closure of the helium supply valves t o  the drain tanks, 
opening of the drain-tank vent valves, and opening of equalizing valves 
between the drain tanks and the fue l  loop. 
actions is  tha t  of stopping helium addition because t h i s  allows a "coastup" 
of the fuel leve l  i n  the core and does not resul t  i n  draining the fue l  
from the core. 
one action actually occurred. 

(In the present design, t h i s  wi l l  occur at  20 kw 

The leas t  effective of these 

In  analyzing the accident, it w a s  assumed tha t  only t h i s  

The calculated resu l t s  of the postulated f i l l i n g  accident are shown 
i n  Fig. 15. 
t r o l  rods a t  15 Mw. However, the fue l  coastup, due t o  fa i lure  of the vent 
and equalizing valves t o  open, resulted i n  a second c r i t i c a l  event. The 
second excursion was  slow enough so tha t  only minor temperature r i s e s  
were required, even with the reduced temperature coefficients applicable 
t o  the partly full core, t o  check it. 
inser t  the th i rd  control rod or t o  drain the fuel, the core would remain 
c r i t i c a l  a t  some low power level.  

The i n i t i a l  power excursion w a s  checked by dropping two con- 

If no further action were taken t o  

Biological Shielding 

I -  
j 
I 

i -  

The biological shielding above the reactor and drain-tank ce l l s  
consists of 7 f t  of concrete i n  two 42-in. layers with iron inser ts  t o  
f i l l  the cracks between blocks. 
i s  barytes concrete, and the top layer i s  ordinary concrete. 
layers above the drain-tank c e l l  are ordinary concrete. 
around the sides of the reactor c e l l  is, fo r  the most part, 3 f t  of 
magnetite sand and water. Some additional shielding i s  provided by the 
thermal shield around the reactor vessel. This shield i s  16 in. thick 
and is  composed of about one-half iron and one-half water. 

The bottom layer above the reactor c e l l  
Both 

The shielding 

Extensive calculations have been made t o  evaluate the adequacy of 
the biological shielding. 
of the techniques available f o r  evaluation, the biological shielding 
should be adequate. 
the design. 
i n  these areas if surveys during the i n i t i a l  approach t o  power indicate 
a need f o r  them. 

In general, it appears that ,  within the limits 

A few potential  weak spots were recognized during 
Provision has been made t o  stack additional concrete blocks 
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INSTFUMENTNION AND CONTROL OF TIB MSRE 

J. R. Tallackson 

r DIlbr” v ___# .---- 
aaac”’”. 

Introduction 

The purpose of the instrumentation and control system i s  to: 

1. 

2. 
3 .  provide safe, orderly operation of the reactor system. 

provide data t o  verify the designed performance, 

provide information for reactor experiments, 

a 

I think you wi l l  conclude, as I proceed, that  the MSRE is  Tell 
equipped with instruments t o  meet both operational and experimental re- 
quirements. 
experimental system, one of the first of i t s  kind. Therefore, it would 
be wrong t o  assume tha t  the instrumentation and control equipment and i t s  
application is  completely representative of any typical, f’uture, molten- 
salt power reactor system. 

It i s  appropriate t o  point out tha t  t h i s  i s  primarily an 

Temperature 

’Pemperature readings are the most important measurements i n  a system 
l ike  this.  
must be limited and controlled l e s t  they exceed l imits imposed by mate- 
rials and components; low salt temperature (freezing) can damage the 
system; and finally, steep gradients must also be avoided. These, then, 
are the reasons that  the largest single concentration of i n s tmen ta t ion  
and control equipment i s  concerned with temperature. 

High s a l t  temperatures, which are thermodynamically desirable, 

Virtually a l l  temperature measurements of consequence are made with 
Chromel-Alumel thermocouples. These are magnesium oxide insulated, In- 
cone1 sheathed, units and are welded or clamped t o  pipes or vessels. 
of the thermocouples are dual; that  is, both the Chrome1 and Alwnel wires 
are contained i n  a single sheath. A few selected couples i n  c r i t i c a l  ap- 
plications are made from two separately sheathed, single wires. 
mocouple failure,  as by loss of a weld or clamp attachment, w i l l  then 
produce an open circui t  and thereby signal that  a fa i lure  has occurred. 

Most 

A ther- 

We have been l i be ra l  i n  our use of thermocouples. Sufficient couples, 
with redundancy, have been installed, so tha t  we can get temperature pro- 
f i l e s  of the tanks, the fuel and coolant s a l t  piping, freeze valves, the 
pumps, and the radiator. More than 50$ of these thermocouples are in- 
s ta l led as a substitute for experience with the system and i n  order t o  
obtain special data for  a short time during early phases of the operation. 
Most of the temperature information now being gathered should not be re- 
quired t o  run the machine. 
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Conventional methods for  readout and data collecting from th is  number 
of points, such as  multipoint recorders, wou ld  be an exercise i n  fu t i l i ty .  
We employ relatively new techniques t o  read temperatures and t o  use the 
temperature data effectively. Figure 1 i s  a block diagram of th i s  temper- 
ature -measurement system. 

! 

Almost all the thermocouples are routed t o  the patch panel, so tha t  
any of the available readout methods can be applied t o  any given couple 
which comes into the patch panel. 

The Operations Monitor i s  used for  control system interlocking and 
t o  provide high or low limit alarms with a high degree of accuracy and 
with good rel iabi l i ty .  
and not only indicates, with lamps, whether each temperature i s  within 
limits, but alarms both visually and audibly i f  any temperature goes be- 
yond i t s  particular, preset high or low value. 
struction and is  so designed that  i t s  capacity can be easily expanded or 
contracted. Circuitry consists entirely of transistors and magnetic am- 
p l i f i e r s  and is  expected t o  be considerably more reliable and maintenance- 
free than comparable vacuum tube circuitry. 
Operations Monitor w i l l  be t o  monitor important temperatures a t  freeze 
valves i n  the f i l l  and drain system and t o  provide control-system inter-  

It i s  i n  use a t  a l l  times during reactor operation 

It employs modular con- 

The principal use of the 
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lock signals based on these temperatures. 
s a l t  loops and at  the steam domes i n  the after-heat removal system are 
also monitored by this equipment. 

The freeze flanges i n  the main 

The Thermocouple Scanner gives the operator an immediate and contin- 
uous picture of temperature profiles i n  the system. Figure 2 i s  a diagram 
of the system. 
forward way; tha t  is, a high speed selector switch i s  used t o  scan a group 
of 100 thermocouples, each couple being monitored every 50 msec and com- 
pared With a reference thermocouple. 
17-in. oscilloscope a f te r  suitable amplification. Temperature differences 
of 5°F are inrmediately apparent, and, i f  any couple differs  by 50°F from 
the reference couple, it i s  annunciated. You wi l l  note that  the scanner 
does not read absolute temperatures, only differences. A second thermo- 
couple, adjacent t o  the reference couple, i s  therefore used with a preci- 
sion temperature indicator t o  obtain the reading of the reference temper- 
ature. 

You w i l l  note that t h i s  device operates i n  a straight- 

"he difference i s  displayed on a 

The scanner wi l l  be most useful when the s a l t  system, or a part of 
the system, is  undergoing an operator-produced change i n  temperature, or 
when it becomes necessary t o  make certain that  a particular piping loop 

i 
! 
: *  
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i 
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Fig. 2. Block D i a g r a m  of Temperature Scanning System. 
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or tank i s  a t  a uniform temperature, so that  thermal gradients are mini- 
mized t o  unquestionably safe values. A typical situation occurs jus t  be- 
fore and during the f i l l i ng  of e i ther  the f'uel- or the coolant-salt loop. 
The operator w i l l  be able t o  check temperatures around the loop and t o  
make adjustments on the electr ical  heaters, as indicated by deviations 
on the oscilloscope. 

i 

Both the Operations Monitor and the Scanner have been thoroughly 
tested on experimental salt systems and t e s t  setups. 

The Logger-Computer, which I w i l l  describe i n  more de ta i l  a l i t t l e  
la te r ,  i s  capable of combining the operational features of both the Oper- 
ations Monitor and the Scanner, but omitting the oscilloscope display, 
and, as  we have it programmed, it is  not used for  control c i rcui t  inter-  
locking. 

More Important Process Measurements 

Salt  levels and flow rates are the most challenging measurement prob- 
lems i n  the MSRE. Salt  level i n  the drain tanks i s  measured i n  two ways. 
Pneumatic weigh ce l l s  are used t o  give a continuous indication of each 
tank's contents, and a two-point level  detector t e l l s  us when salt level  
i s  a t  e i ther  10 or 90$ of tank capacity and gives us reference points for  
the weigh c e l l  instrumentation. The level  detector measures the voltage 
drop through the sa l t  from electrodes suspended inside the tank. 
weigh c e l l  instrumentation i s  also used t o  provide control system inter-  
locks when the reactor i s  being f i l l ed .  

The 

Weld-sealed pressure transmitters are used t o  measure helium pres- 
sures i n  l ines  t o  the drain tanks, and i n  the fuel pump bowl and the over- 
flow tank. 
ured with submerged bubbler tubes and weld-sealed different ia l  pressure 
transmitters. The output signal from a l l  of these transmitters i s  elec- 
t r i ca l ,  and problems of transmission through the containment are thereby 
minimlzed. 

Sal t  levels i n  the fuel  pump bowl and overflow tank are meas- 

We have also developed a float-type level transmitter, which gives 

No new concepts are involved. The f loat  simply 

The magnetic coupling of the armature t o  the transformer coils 

a direct  measurement of salt level without producing any major Containment 
problems (see Fig. 3)* 
actuates the armature of a different ia l  transformer which produces the 
signal. 
i s  through the containment w a l l s ,  The developmental problems involved 
pertain t o  environment, and results using this device are so encouraging 
that  we have installed one on the coolant-salt pump bowl and w i l l  put a 
similar unit on the spare fuel-salt  pump. We have operated one of these 
transmitters for  more than two years on a t e s t  loop. 
(18,000 hr)  of t h i s  time was a t  a temperature of 1250'F and 5$ (1000 hr )  
a t  1300'F. 
A temperature change from 1000 t o  1300'F causes a sh i f t  i n  indication of 
0.3 in. (6%). 

Ninety percent 

During this t e s t  period, the calibration shifted 0.2 in. (4%). 
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Fig. 3 .  MSRE F loa t -me Level Instrument. 

A number of very small helium flows i n  the system are monitored with 
a flow element consisting of a packed bed of glass beads. 
through t h i s  element i s  directly proportional t o  pressure drop, and t h i s  
device i s  less  subject t o  plugging and temperature effects than a capil- 
lary type element is. 

Coolant-salt flow rate  i s  measured by a Venturi and a specially de- 
signed different ia l  pressure transmitter (Fig. 4). 
unusual i n  tha t  intermediate NaK-filled capillary tubes, isolated by slack 
diaphragms, are used t o  transmit pressures from the molten s a l t  t o  a sil- 
icone-oil-filled pneumatic transmitter of conventional design. 
gage transducer has been added, so the output signal i s  e lectr ical  rather 
than pneumatic. 

Flow rate 

This transmitter i s  

A s t ra in  

Nuclear Instruments 

During normal operation from startup t o  full power, the MSKE w i l l  
(1) fission chambers, require three types of neutron sensors, namely: 

(2) compensated ion chambers, and (3)  safety chambers. 
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For the i n i t i a l  c r i t i ca l  experiments, four temporary channels of BF3 
counters w i l l  a l so  be used. With the exception of two of the temp’orary 
BF3 channels, a l l  of the chambers are installed i n  a single penetration 
(Fig. 5). 
ta ins  a t o t a l  of 10 internal guide tubes, which loosely retain and locate 
the chambers. 

This penetration i s  3 f t  i n  diameter, i s  water f i l led,  and con- 

Figure 6 is  a plan view of the reactor and the penetration. 

During the early stages of design we provided two vertical  holes i n  
the shield for BF3 counters and a third hole for  the neutron source. 
sequently, analysis by Haubenreich and Engel showed that  the majority of 
the neutrons a t  these locations wil l  be source neutrons (as opposed t o  
fission neutrons) which w i l l  have gotten t o  the counters by traveling 
around i n  the annular space between the shield and the core vessel. For 
that reason, we are putting the other BF3 chambers directly opposite the 
source tube i n  the penetration. 
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The fission chambers are the input sensors for  the wide range count- 
ing system. This was described i n  an information meeting about two years 
ago. 
tha t  it maintains a constant, preset count ra te  for  a l l  values of reactor 
power sufficient t o  produce th i s  count rate. If the attenuating medium 
surrounding the chamber produced ideal exponential attenuation, the log 
of reactor power would be proportional t o  the distance the chamber is 
withdrawn from i t s  innermost position and the reactor period would be 
proportional t o  the velocity. 
ed, an adjustable t r imming  device, the function generator, is  included 
i n  the servo t o  compensate for the deviation from true exponential 
neutron attenuation. 

(see Fig. 7.). The fission chamber is  moved by a servomotor, so 

Since th i s  ideal si tuation is  never attain- 
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Fig.  7. Block Diagram of a Wide-Range Counting Channel. 

The actual physical arrangement as used i n  the E R E  i s  shown i n  Fig. 
8. Two compensated ion chamber channels are used t o  provide the most ac- 
curate f l u x  information and fo r  the input signal t o  the servo controller. 
Figure 9 is a highly simplified block diagram of these t w 9  channels. 

By means of range switching on the picoammeters, an overall range 
of seven decades can be covered without changing chamber position or  am- 
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p l i f i e r  gain. 
cussed, output i s  linear, and each range sett ing covers only half a decade, 
thereby giving good resolution. 
sett ing are continuously indicated and recorded on the main control board. 

I n  contrast t o  the wide range channels previously dis- 

Output f r o m  e i ther  chamber and i t s  range 

A third group of three chambers provides flux information, used as 
inputs t o  the safety system. 
ion chambers and have no function other than safety. 
i n  the power r a q e  from 1 kw t o  above 15 Mw. 

These are uncompensated, neutron-sensitive 
They are effective 
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Fig. 9. MSRE Nuclear Instrumentation -Linear Flux Level Channels. 

Rod Drives 

Figure 10 i s  a diagram of a control rod drive. The articulated con- 
t r o l  rod i s  suspended from a sprocket chain 
servamotor. The three drives are identical; they include coarse and fine 
synchros t o  transmit rod position, an irreversible worm and gear set ,  and 
a potentiometer for  the position input signal t o  the safety system. 
w i l l  note tha t  two paral le l  power transmission paths have been provided 
to the sprocket chain. O n e  is via the electromagnetic clutch; the alter- 
nate drive path i s  through an overrunning I! clutch. The l a t t e r  always pro- 
vides a positive drive i n  the insert" direction, and also maintains a 
positive connection t o  the drive, so that  reverse torque at  the output 
sprocket cannot produce accidental rod withdrawal. 
rods i s  capable of being used as the servo-controlled shim-regulating 
rod, by merely changing the e lec t r ica l  interconnections. 

driven by a gear-reduced ac 

You 

Any one of the three 

The shock absorber (shown i n  Fig. 11) used with t h i s  drive un i t  i s  
somewhat unusual. 
the unique feature that  the working "fluid" i s  composed of 3 P 32-in.-diam 
s tee l  balls. 
When the rod i s  scrammed, the cylinder hal ts  a t  the stop blocks a t  the 
bottom of the housing. The rod and the plunger continue t o  move down- 
wards, and the kinetic energy of the rod i s  absorbed as  the s tee l  balls 
are forced through the narrow annulus around the plunger into the upper 
part of the cylinder. 
tion, who are building the rod drives. 

It consists of a cylinder and a piston or lunger with 

The shock absorber assembly moves up and down with the rod. 

This device i s  a development of the Vard Corpora- 
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Scram is  effected by opening the clutch co i l  circuit, which disen- g d #  
gages the clutch. 

The curves i n  Fig. 12 give a comparison of actual scram performance 
with an arbitrary p e r f o m c e  specification based on an acceleration of 
5 f%/sec2 and a maximum release time or delay of 100 msec between the ex- 
istence of scram conditions and actual disengagement of the clutch. 
ysis  has shown this  t o  be adequate for  any contrived situation. You w i l l  
note tha t  there i s  a wide margin of actual acceleration over that required. 
The actual acceleration obtained from t e s t s  of a prototype unit was 13 
ft/sec2 . 

Anal- 

0 

10 

20 

- 
c - - 
W 

2 30 a 
I- 
II a 

40 

50 

60 

UNCLASSIFIED 
ORNL-DWG 64-U09R 

0.50 0.75 4.00 4.25 4.50 0 0.25 
ELAPSED T IME (sec) 

CURVE A-REFERENCE CURVE OF SATISiACTORY SCRAM PERFORMANCE. 
BASED ON ACCELERATION OF 5 ft /sec AND RELEASE TIME OF 0.406 sec ~~ 

CURVE B-SCRAM PERFORMANCE FROM TESTS OF JAN. 2 7 - 2 8 . 4 9 6 4  

Fig. 12. MSRE Control Rod Height vs Time During Scram. Curve A - 
reference curve of satisfactory performance, based on acceleration of 5 
fi/sec2 and release t i m e  of 0.100 sec. 
t e s t s  of January 27-28, 1964. 

curve B - scram performance from 



The curves i n  Fig. 13 have been calculated from the insertion dis- 
tance vs time curves seen i n  Fig. 12 and the reactivity w o r t h  of t w o  
rods, s tar t ing from an i n i t i a l  withdrawal height of 51 in. Again we 
have a substantial margin of performance over that  deemed adequate. 
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Fig. 13. MSRE Control Rods - Reactivity Insertion vs Time After 
Scram. 

Safety System 

The MSRE safety system i s  composed of reliable and redundant in- 
strumentation, designed t o  protect the system and t o  ensure containment. 
Figure 14 i s  a block diagram of the system. We have extended the scope 
of the MSKE safety system beyond direct  considerations of conditions i n  
the core. 
ditions which in i t i a t e  safety system action. Two of these, temperature 
and flux, ca l l  for a rod scram. 
actions are concerned with various process instruments. The individual 
instruments and related equipment, which provide the input-output ~ ' L X L C -  

t ions shown i n  the diagram, have been selected or designed with reliable 
operation as the first consideration. Redundancy, i n  the form of either 
two  or three independent input channels, i s  used t o  produce the output 
action required. Periodic, in-service testing of a l l  or a major portion 
of each channel i s  provided. 
channels of temperature input information as we use it t o  scram the con- 
t r o l  rods or t o  drop the radiator doors. 
convert thermocouple emf t o  a usable signal i s  conventional, but for in- 
service tes t ing we have added an additional pair  of thermocouple junctions 
i n  series with the measuring junction on the pipe. During normal opera- 
tion, both the added junctions are a t  the same temperature 
produce no net signal. We can t e s t  the rod scram input circuitry by ap- 
plying electr ical  heat t o  one of the added junctions, thus simulating a 
temperature r i s e  at the reactor outlet. A temperature drop can be simu- 
la ted by reversing the polarity of the a r t i f ica l ly  heated junction. 

The string of blocks on the l e f t  side of the diagram are con- 

Most of the remaining inputs and safety 

For example, Fig. 15 shows three independent 

The instrumentation used t o  

and hence 

Bd 
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Fig. 14. Block D i a g r a m  of MSRE Safety System. 
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Fig. 15. Ty-pical Temperature Measuring Channels Used i n  MSRE Safety 
System. 

The three channel systems used t o  ensure containment are worth noting. 
Figure 16 shows the instrument setup used t o  close the block valves i n  
the instrument a i r  l ines  t o  in-cell  pneumatic instruments when c e l l  pres- 
sure exceeds 2 psig. 

This 2 out of 3 system uses three independent pressure switches with 
diverse power sources t o  signal high pressure i n  the cell .  
a q  two w i l l  i n i t i a t e  valve closure. 
for  e i ther  maintenance or testing. I n  service, routine testing i s  accom- 
plished by manually opening, one at a time, the hand valves which lead t o  
the nitrogen bottle and observing the pressure gages i n  the solenoid ma- 
t r ix .  
t o  measure the pressure of the in l e t  helium which enters the containment. 

Agreement of 
This allows one nonoperating channel 

A similar techniqye i s  used with the three instrument channels used 

Rod scram i s  produced ei ther  by excess reactor outlet  temperature 
or by excess flux. 
rod scram system. 
are continuously monitored t o  veri@ that  the chambers are supplied with 
the correct voltage. 
response by simulating an excess flux signal. 
cidence system,and a rod scram W i l l  also be produced i f  any two i n p t  
channels malf'unction. 
t o  any two ion chambers. 

Figure 17 i s  a diagram, somewhat simplified, of the 
Each channel i s  independent. The neutron flux channels 

The monitor unit provides means for testing channel 
This i s  a 2 out of 3 coin- 

This would occur i f  there were a lo s s  of voltage 
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Fig. 16. MSRE Ikdundant Instrumentation for  Block Valves .  

The electronic instrumentation making up th i s  system i s  newly de- 
It uses solid state modular construction and was not designed 

Rather, it 
signed. 
specifically for  the MSHE or any other particular reactor. 
i s  highly versatile i n  i t s  capability of being adapted t o  a wide variety 
of design situations and is  suitable for  use i n  a wide variety of system 
configurations. 
High Flux Isotope Reactor use the same nuclear instrument components. 

Figure 18 diagrams the system used for  emergency closure of the ra- 
diator doors. 
i n  the radiator can freeze i n  less than a minute i n  the worst situation. 
Since freezing and subsequent thawing may damage the radiator, a reliable 
system is  eqluyed t o  close the doors i f  the radiator outlet  temperature 
becomes too low or i f  the coolant salt ceases t o  flaw. 
scram the doors does not involve safety or containment; it was based 
solely on economic considerations. 

For example, both the MSRE safety system and that of the 

A conservative analysis has shown that  the coolant salt 

The decision t o  
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In  addition t o  the safety instrumentation, there are several impor- 
tant  control system interlocks which are not designed t o  as high a degree 
of re l iab i l i ty  as the safety-grade protection. 
derivative signal from the drain tank weigh cel ls  which i s  used t o  limit 
the reactor f i l l  rate. 
rods i f  the reactor outlet  temperature exceeds 12'75'. 
i s  halfway between the design-point full-power temperature and the scram 
temperature. We also get an automatic reverse i f  power exceeds 12 Mw, 
i f  fuel level is  too high i n  the overflow tank, or i f ,  during startup, 
we are on a period of less  than 10 sec or power exceeds 1.5 Mw. 

For example, there i s  a 

We automatically insert  or reverse the control 
This temperature 

Reactor System Control 

Operation of the MSRE can be logically divided into t w o  principal 
The first, modes, and we use the control system t o  make the division. 

or "prefill," mode includes those operations which are preparatory t o  nu- 
clear operation, such as transfers of s a l t  from the storage tank t o  the 
drain tanks, transfers among the drain tanks, circulation of helium i n  
the fuel and coolant salt loops, and testing of a l l  the various elemnts  
of the system. 
systems, radiator doors and blowers, etc. 

tion, such as f i l l i n g  the system, which can lead directly t o  nuclear op- 
eration. 

The l a s t  includes testing of pumps, cooling a i r  and water 
The second mode, which we c a l l  

operate," includes nuclear operation of the system and aspects of opera- 11 

Figure 19 i s  a block diagram which shows, i n  a very broad sense, 
the more important res t r ic t ive and permissive interlocks i n  the control 
system. 

The reactor may be operated either manually or with automatic con- 
t r o l  of the shim regulating rod. 
we held the hope that  the negative temperature coefficient would supply 
a l l  the control required when the reactor was i n  the power range above 
1 Mw. Analog simulation showed us that  this  would not be the case and 
that  supplementary, external control would be required. 
we must pay t o  produce low-power-density design and t o  use an existing 
fac i l i ty  which imposes unfavorable piping geometry from the standpoint 
of control. 

During the early phases of the design, 

This i s  the price 

This reactor system i s  characterized by high heat capacity, long 
transport lags, low power density, and, consequently, a very sluggish 
temperature response t o  load and power changes. 
ature coefficient i s  i n  the graphite moderator, which occupies nearly 8 9  
of the core volume. It takes the graphite between 12  and 20 min t o  reach 
temperature equilibrium following a step change i n  reactor fuel-salt tem- 
perature. The transport lag from the radiator t o  the core i s  nearly 1/2 
min i n  each direction; that  is, it takes 25 sec for a change i n  radiator 
load t o  show up as a temperature change i n  the core, and the same length 
of time for a temperature change i n  the core t o  affect the loading a t  the 
radiator. 

About half o f t h e  temper- 
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Fig. 19. MSRE Control S y s t e m  Modes. 

If there were no external control system, the analog simulation 
showed that  i n  some situations the reactor would oscil late with very long 
periods around the average power demand level. These oscillations, while 
not dangerous, wou ld  be intolerable from an operating standpoint. 

The controller which was developed as a result of these analog 
studies i s  diagrammed i n  Fig. 20. When the reactor i s  operating as a 
load-following power generator, the servo controller i s  used t o  hold the 
core outlet temperature constant. This mode of control i s  optimum ther- 
modynamically and is  what we would  do i f  we were using the reactor t o  
generate steam. 

The controller i s  composed of four operational amplifiers; three are 
used for  summing and for sign inversion, and the fourth i s  used as an in- 
tegrator. 
ture, outlet temperature, and outlet temperature se t  point. These inputs 
are combined. 
sented by flux, with the load, represented by the temperature drop across 
the core, and compute an error signal, calling for  re'gulating rod action, 
should the two be different. 
the open loop responses of the controller t o  step changes i n  flux, i n l e t  
temperature, and outlet  temperature set point. 
se t  point temperature i s  academic, since we use a low speed, motor driven 
potentiometer t o  make certain that we can't make step changes i n  tenrpera- 
ture demand. 
correction t o  the i n i t i a l  step inputs and gradually causes a reduction i n  
the error  signal. 
reduce the error signal, also makes the controller insensitive t o  slow 
drifts i n  the inlet temperature and flux sensors. 

Four inputs are used t o  a t t a in  control: flux, inlet tempera- 

The controller can thus compare the reactor power, repre- 

The curves a t  the bottom of Fig. 20 show 

This response curve for 

The integrator produces, on a long time scale, a subtractive 

This scheme, using a long time constant integrator t o  

. 

* 
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Fig. 20. Block Diagram of Servo Controller, Open Loop Responses t o  
Step Inputs. 



Below approximately 1 Mw, the controller i s  used as a simple flux 
comparator, and temperature control i s  by manual adjustment of system 
heaters. 
t h i s  controller are presented i n  Fig. 21. 

The results of an analog simulation of the reactor system using 

Each regulating rod i s  capable of producing a t o t a l  change of 2 t o  
3$ i n  reactivity - considerably more than we care t o  put a t  the disposal 
of t h i s  or any other rod control servo. We have added a l imit  switching 
mechanism which reduces the effective stroke of the servo-controlled rod 
t o  an acceptable value. 
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Fig. 21. Results of Analog Simulation of the Reactor System Using 
Servo Controller. 

The diagram on the l e f t  of Fig. 22 i s  s t r i c t ly  conceptual and shows 
what the l i m i t  switches accomplish, The motion of the control rod ac- 
t ua l l y  i s  remotely reproduced i n  the control room by a semoto r -d r iven  
cam which actuates the l imit  switches. A second motor i s  also coupled 
t o  the cam by means of a different ia l  gear and locates the span of the 
l i m i t  switches with respect t o  the rod position, when shinnning with the 
regulating rod. 

I 
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GEAR BOX FOR b. IN MANUAL OPERATION 
THE OUTPUT SHAFT IS 
LOCKED AND THE 
BALANCE MOTOR 
DECOUPLED 

LIMIT SWITCH 
LOWER CAM WITH AND MECHANICAL LIMIT SWITCHES STOP 1y- 

REGULATING ROD LIMIT 
SWITCH UPPER 

CLOCK CAM ROTATION (SYNCHRO) 
EOUIV. TO: 

REGULATING ROD 
POSITION TRANSMITTER 

a. WITHORAW ROD N0.i I 
I 
I 

b. INSERT LIMIT SWITCH 
SPAN (DECREASE y,) 

I 

COARSE FINE 
REG. ROD POSITION 

SHIM ROD INDICATOR (RELATIVE 
POSITION TO SPAN LIMIT 

INDICATORS SWITCHES) 

CONTROL CONSOLE 

Fig. 22. Diagram of Regulating Rod L i m i t  Switching Assembly. 
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A similar device has been operating very satisfactorily i n  the con- 
t r o l  system of the ORR for  several years, and we have no reservations as 
t o  i t s  use i n  the MSRE. 

Load Control 

Load, or reactor demand, i s  determined by the radiator door opening, 
These components are by the by-pass damper position, and by the blowers. 

a l l  independently capable of affecting the load, and the manipulation of 
all of the pushbuttons, switches, etc., required t o  make load changes i n  
a consistent and orderly fashion would be a burdensame task for  a busy 
operator. 
may be accomplished by a single control switch at  the console. Manual 
control of the various Components responsible for  the load i s  optional. 

These switching operations are programed so that load changes 

Circuit Jumpering 

System checkout and t e s t s  of various parts of the reactor system, 
and the nonrou-tine operations required t o  conduct experiments, inevitably 
create conflicts and inconsistencies between operational requirements and 
prohibitions imposed by the control and safety system. 
i n  the MSRE i s  the checking of the operation of the radiator doors when 
the system i s  empty and shut down. The safety system keeps the doors 
closed i f  salt (or pipe) temperature i s  below 900°F or i f  there i s  no 
coolant-salt circulation. Obviously, it is  good practice t o  periodically 
check the operation of these doors. 
inspection by using c l ip  leads t o  bypass interlocks or by temporarily re- 
arranging the electr ical  interconnections on an informal basis. 

An obvious example 

It i sn ' t  good practice t o  do t h i s  

A jumper board has therefore been mounted on the main control board 
t o  allow formal, administratively controlled bypassing of interlock and 
safety circui t  contacts. 
required t o  jurrper a safety system contact. 
accomplished by relays which are energized when plugs are inserted i n  the 
board. 
ahead of a safety relay with several of these jumpers for  by-passing. An 
open neutral could, conceivably, produce a sneak circui t  via the lamps 
which might carry enough current t o  keep the safety relay energized, re- 
gardless of whether the safety contacts were open or closed. 
prevented by the si l icon diodes which, i n  t h i s  situation, are back-to-back 
and prevent alternating current flow. 
quires permission of the Operations Supervisor. 
system circuitry prohibits switching into the "operate" mode. 
i t s e l f  i s  visible from the control console, and each jumper or closed 
contact i s  indicated by a l igh t  on the jumper board. 
contact i s  jumpered, an amunciator i s  actuated. The jwrrper board i s  de- 
signed as a graphic panel display of the control system circuitry and, 
i n  conjunction with the indicating lamps, gives the operator an immediate 
graphic display of the circui t  condition of all vital control circuits. 

Figure 23 i s  a diagram showing typical circuitry 
Actual contact bypassing i s  

Consider the situation i n  which there i s  a string of contacts 

This i s  

The use of a bypassing jumper re- 
Any jwnrper i n  the safety 

The jumper 

If any safety system 
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THE JUMPERS AND THE INDICATING LAMPS ARE ON THE MAIN 
CONTROL PANEL AND VISIBLE FROM THE OPERATOR'S CONSOLE. 

Fig. 23. Diagram of Safety System Bypassing with Jumper Board. 

Process Radiation Monitoring 

The principal function of our process radiation monitors i s  t o  ensure 
containment; none of these monitors i s  used for  routine operational con- 
t r o l  purposes. 

the containment which can provide a credible avenue of escape for  con- 
taminating radiation. These l ines  are, of course, equipped with block 
valves, which are closed automatically by the radiation monitoring equip- 
ment. 

We do monitor, with redundant input systems, the process l ines  from 

Line monitors are installed on the in l e t  helium supply l ines  t o  the 
f'uel-salt loop and on l ines  from the containment i n  the off-gas system. 
These off-gas system monitors look a t  the cooling air flow i n  the sec- 
ondary containment c e l l  and a t  helium flows from the f'uel- and coolant- 
salt loops, from the drain tanks, from the pump lube o i l  systems, and 
from the sampler-enricher. The off-gas i s  monitored again by the stack 44 
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gas monitor, just  before being discharged t o  the atmosphere. The coolant \ 

pump off-gas should not contain any act ivi ty  whatsoever. 
any activity i n  th i s  l ine w o u l d  be a leak i n  the heat exchanger, causing 
contamination of the coolant sal t .  
product gases from the fuel-salt loop into the secondary containment would 
be detected by the monitors on the c e l l  evacuation a i r  line. 
i n  e i ther  ce l l  a i r  or coolant pump off-gas in i t i a t e s  a drain and closes 
block valves i n  the l ines  involved. 

The origin of 

Similarly, leakage of salt or fission 

Activity 

The in-cell  cooling water i s  also monitored fo r  act ivi ty  a t  the pump 
in l e t  pipe. 
coolant-salt pumps, the in-cell  air coolers, and the thermal. shield. These 
monitors also produce automatic block valve closure. 

This cooling water system circulates w a t e r  t o  the fuel- and 

Where radiation monitoring instruments are used t o  close block valves 
or t o  i n i t i a t e  an automatic drain, the input channels are redundant and 
the installation includes provisions for  periodic testing with a source. 
In  some cases, the redundancy is  of the 2 out of 3 coincidence type for  
in-service testing. 

We have also installed gamma chambers i n  the secondary containment 
ce l l  around the reactor vessel, i n  the drain tank cell ,  and i n  the radi- 
ator pi t .  
equipped with individual radiation monitors. 

The fuel sampler-enricher and the lube o i l  systems are also 

Health Physics Monitoring 

With respect t o  the individual instruments used, the MSRE health 
physics monitoring instruments are typical. 
i n  the building are located seven Constant Air Monitors t o  detect airborne 
contamination, and seven Beta-Gamma Monitors and seven Monitrons t o  detect 
sources of radiation. 
i s  obtained locally a t  the instruments and centrally i n  the control room. 

That is, a t  strategic points 

Readout from th is  scattered array of instruments 

The control room alarm and annunciator instrumentation has been de- 
signed t o  meet ORM, requirements for  health physics monitoring instal la-  
tions. Figure 24 i s  a block diagram of the health physics monitoring and 
alarm system. The system 

1. indicates some types of instrument malftuction (i.e., an instrument 
failure evidenced by zero output produces an audible alarm and turns 
up a lamp shuwing which instrument i s  not f'unctioning), 

indicates by lamps and the audible alarm any instrument tha t  exceeds 
the permissible health physics radiation level and provides a second 
indication a t  the high alarm level (3 times that of the health physics 
level for  the Monitrons), 
provides a control signal a t  any reasonable degree of coincidence. 
I n  the MSRE we have selected two groups of monitors so tha t  i f  any 
two Monitrons out of s ix  or any two Constant Air Monitors out of four 
are a t  the "high" alarm level, an automatic evacuation signal results. 

2. 

3 .  
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Fig. 24. Block Diagram of MSRE Health Physics Monitoring System. 

This annunciation and alarm instrumentation, which t i e s  the indi- 
vidual monitors together as a system, i s  of modular construction. The 
design of a health physics monitoring and alarm system i s  accomplished 
by the interconnection of a sufficient number of modules to meet design 
c r i t e r i a  for a particular faci l i ty .  

A l l  evacuation signals, whether produced automatically or adminis- 
t ra t ively by the reactor operator or other responsible person on the s i te ,  
are transmitted t o  the ORNL Emergency Control Center, where appropriate 
emergency procedures are set  i n  motion. 
blocked aut by a key switch administratively controlled by the Chief of 
Operations when system testing or special maintenance i s  required. 

The automatic alarm can be 

The health physics instrumentation i s  not intended t o  be used for 
automatic control or system shutdown. 
reliable information t o  supervision on the s i t e  and t o  the Emergency Con- 
t r o l  Center. 

I ts  main purpose i s  t o  provide 

Li 
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13eryl l ium Monitoring 

We also monitor for  beryllium contamination. The a i r  passing out 
the radiator stack i s  sampled continuously with f i l t e r  paper which i s  
spectrographically analyzed once a minute. 
and the results are recorded. 
pling stations which draw building a i r  through f i l t e r  papers which are 
analyzed on a routine basis. 

This operation i s  automatic, 
The reactor building contains 15 a i r  sam- 

This beryllium monitoring operation i s  carried out by the Industrial 
Hygiene Department of the ORNL Medical Division. 

Data Logger -Comput e r 

The MSRE instrumentation system i s  capable of generating a forbidding 
Our previous experience with large experimental systems quantity of data. 

equipped with typical s t r ip  chart recorders, indicators, etc., has sham 
that  the recording, reduction, and evaluation of system data necessary 
for  both routine operation and experimental purposes i s  a task of major 
proportions. I n  addition, conventional multi-point recorders, having 
long scanning periods, are inherently incapable of recording the frequency 
structure of a l l  but very s l o w  changes. 
must be provided, and truly accurate time referencing of a l l  these rolls 
of data i s  always questionable. 
particularly onerous and expensive when the design of a particular t e s t  
i s  guided or determined by the results of the preceding tes t .  There is, 
i n  these circumstances, a really large incentive t o  reduce the data re- 
duction time which determines the nonproductive time between tes ts .  An 
operation l i k e  the MSRE may cost $4,OOO/day t o  run, and it i s  obvious 
that  reductions i n  down time or nonproductive time w i l l  produce substan- 
t i a l  savings. 

Storage space for  chart rolls 

The problems of data reduction become 

For these reasons, we have added a logger-computer t o  the MSRE in- 
strument system. 
limited, we are proceeding with the logger-computer instal la t ion on a 
t e s t  and evaluation basis. Therefore, the design and operation of the 
MSRE i s  such tha t  no v i t a l  f’unctions involving data gathering, safety, 
or control are vested solely i n  the logger-computer. 
rent the device on a month-to-month basis with credit toward ultimate 
purchase a t  our option. 

Since our experience with systems of this type has been 

This enables us t o  

Figure 25 i s  a block diagram of the system. 

The machine i s  capable of accepting a t o t a l  of 350 analog plus 112 

During routine operation, the contimous scan rate 
on-off contact inputs. 
of e i ther  ac or dc. 
i s  90 points/sec, giving a maximum complete cycle time of 5 sec; t h i s  in- 
cludes time for  other canputer M c t i o n s  during the scan. Data storage, 
either programmed or by operator cmand,  i s  accomplished on ei ther  the 
magnetic or the paper tape units, or both, and i n  a format acceptable t o  
our other large general purpose computers. The X-Y plot ter  can be pro- 
grammed t o  automatically produce curves based on logged or computed data. 

These may have ranges f r o m  mill ivolts t o  volts 
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Fig. 25. Block Diagram of MSRE Data Logger-Computer. 

The scanned data are printed out routinely on the automatic type- 
writers i n  engineering units once an hour. They can be printed out a t  any 
time by operator request. 
24 hr fo r  summary and daily reports. 
printouts i s  a t  our option. 
struments or sensors which produce the data are positively identified on 
the log sheet. 

I n  addition, there are printouts every 8 and 

The time of the log i s  printed and the in- 
The frequency of these routine 

The machine continuously monitors the system operation. As the pro- 
gram now stands, approximately 150 input signals are compared with preset 
high and low limits. I n  the event tha t  any of these input signals ex- 
ceeds i t s  limits, the equipment produces an a l a m  signal and pr ints  out 
the off-limit signal. If a certain number of these 150 input signals 
reach the alarm limits, the system will pass into i t s  f a s t  scan mode. 
In  the fast scan mode the system scans 64 preselected inputs continuously, 
taking about 1/4 sec for  the complete scan cycle. The in i t ia t ing  signal 
i s  logged by the alam typewriter, and the data are stored on magnetic 
tape which can subsequently be processed by the data system compGter or, 
i f  desired, by one of our large, general purpose computer fac i l i t i es .  hd 
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The unit i s  also capable'of producing 32 digitized output signals, 
readout, etc., should we so desire. 

Ty-pical calculations for  which the machine is  now being programed 
are: 

1. heat balance, 

2. reactivity balance, 
3. integrated power, 

4. nuclear average temperature, 

5. average temperatures and thermal cycling records of the salt pumps, 

group, 
a s t a t i s t i c a l  survey of heat-exchanger temperatures, which w i l l  pro- 
vide an evaluation of heat-exchanger performance. 

which wi l l  be used t o  program laboratory t e s t s  by the metallurgy f 

6. 

The question of computer control of the reactor system inevitably 
ar ises  when we discuss the application of t h i s  equipment. 
gramning plans do not include reactor or process control as part of i t s  
f'unctions. The first reason, of course, i s  tha t  we did not ccunmit our- 
selves t o  making the unit an indispensable part  of the design. Secondly, 
we want t o  gain experience with both the computer-logger and with the re- 
actor before embarking on such a venture. 
there i s  a substantial number of people who are eager and anxious t o  ex-: 
tend the use of the computer in to  the area of system control. 

Existing pro- 

I can, however, assure you tha t  

The in i t i a l  programning is  a joint  effor t  by ORNL and the seller.  
We are developing a cadre of qualified personnel, drawn from the Instru- 
mentation and Controls, the Reactor, and the Mathematics Divisions, t o  
a l t e r  the machine operation and computational functions t o  suit the chang- 
ing needs of the experimental program. 

We are not install ing this equipment on the assumption tha t  it w i l l  
effect  immediate and obvious reductions i n  the cost of operating the MSKE. 
We do expect that ,  once we have learned t o  use it, we wi l l  extract more 
and better information i n  less time from the reactor system. This i s  a 
samewhat intangible cost saving, but it can be a very substantial one. 
Once experience and confidence i n  applying and using such equipment has 
been gained, 1 am confident that  t h i s  or similar equipment w i l l  assume a 
greatly expanded role i n  large systems such as the MSRE. 
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The purpose of this report i s  t o  review the work done on producing 
the high-temperature salt pumps used i n  the Molten-Salt Reactor Experiment 
(MSRE) and the present status of tha t  pwnp technology. 
brief description of the pumps, discusses i n  more de ta i l  certain distin- 
guishing features of the pumps which have not been previously f'ully re- 
ported, describes noteworthy problems which were resolved during the i r  
design and testing, and gives a summary of the status of the i r  technology. 

It provides a 

Two of these pumps are required t o  circulate the salts i n  the MSHE, 
one i n  the Fuel-salt and one i n  the coolant-salt circuits. 
provide f o r t h e  thermal expansion of the salt i n  i t s  circui t  and for  the 
sampling of tha t  salt, I n  addition, the f'uel-salt pump must provide for  
the removal of 135Xe from the f'uel salt and for  the addition of Fuel con- 
centrate t o  the flzel salt as burnup progresses. 

Each pump must 

The detailed design of these pumps i s  based on precepts taken from 
many disciplines, including metallurgy, heat transfer, thermal stress 
analysis, hydraulic design of centrifugal pumps, mechanics, e lectr ical  
machinery, and instrumentation and controls, and the Boiler and Pressure 
Vessel Code of the American Society of Mechanical Engineers. While we 
gratef'ully acknowledge the contributions from each of these disciplines 
t o  the production of satisfactory and reliable molten-salt pumps, we per- 
force l i m i t  ourselves t o  the discussion of noteworthy pump features and 
problems i n  this paper. 

i Salt  Pump Design 

General Description 

The fuel-salt pump be used for purposes of demonstration i n  t h i s  
presentation, and the few differences between it and the coolant-salt pump 
w i l l  be pointed out during the exposition. The f'uel-salt pump, a hermetic 
sump-type centriflgal pump, consists of three main components: the pump 
tank, the rotary assembly, and the drive motor (see Fig. 1). 
supplemented with associated lubrication and purge-gas systems and instru- 
mentation and controls. 
Hastelluy N. 

These are 

A l l  the salt-wetted parts are constructed of 

The pump tank i s  a semipermanent component i n  the fuel-salt  c i rcui t  
The and is  provided with two freeze flanges for  convenient replacement. 

motor and rotary assembly may be removed from the pump tank together or 
singly. 
which are monitored by the leak-detection system. 

The three main components are made hermetic by ring-joint flanges u 



Fig. 1. MSRE Fuel Pump. 
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The pump tank contains the pump volute. During operation it houses 
the impeller and the shield plug, which are supported from the rotary 
assembly. It also contains the system liquid-gas interface, the spray 
device and gas purge for  the removal of 335Xe, and the liquid-level in- 
strumentation. "he rotary assembly consists of the bearing housing, a 
pump shaft mounted on commercially available bearings, and upper and 
lower shaft  seals. 
lubricates and cools the assembly, t o  the bearing housing. 

The shaft seals confine the circulated o i l ,  which 

The drive motor i s  of the squirrel-cage induction type'; housed i n  a 
The electr ical  insulation system and the grease lubri- hermetic vessel. 

cant for  the motor bearings are radiation resistant. 
detailed description of t h i s  type of pump may be found i n  papers by Savage 
and Cobbl and Grindell, Boudreau, and Savage.2 

A more complete and 

Distinmishing Desim Features Not Previously Reported 

The MSRE salt pumps require certain features not found i n  conven- 
The pump tank contains a salt spray device t o  t iona l  sump-type pumps. 

remove 135Xe from the circulating fuel salt and two elevated-temperature 
liquid-level indicators for  molten-salt operation. A s p l i t  purge-gas 
flow i n  the shaft anndus  keeps o i l  vapors from the salt system and f i s -  
sion gases from the region of the lower shaft seal; the down-shaft purge 
also s t r ips ,  dilutes, and removes 135Xe from the salt  spray. 
reactor vessel is  used as the system anchor, the fuel  pump i s  mounted on 
flexible supports t o  accommodate thermal expansions. A flow of nitrogen 
( c e l l  a i r )  removes nuclear-deposited heat from the upper section of the 
pump tank. 
the differences between the fuel- and coolant-salt pump designs are dis- 
cussed i n  t h i s  section. 

Since the 

The drive motor i s  specially enclosed. These features and 

Nuclear-Poison-Removal Device. Some of the 135Xe poison i s  removed 
from the fuel  salt by contacting a spray of the salt with helium i n  the 
fuel-pump tank. Approximately 50 gpm of s a l t  is introduced through 291 
s m a l l  j e t s  at  a spray velocity of approximately 15 ms into the gas-filled 
portion of the fuel-pump tank. 
tank from the shaft annulus purge and tha t  which i s  associated with the 
operation of the bubble-type liquid-level indicators remove the nuclear 
poison from the salt  spray, di lute  it, and carry it t o  charcoal traps. 

Here, the helium which enters the pump 

It should be noted tha t  t h i s  device is  not included i n  the design 
of the coolant-salt pump. 

Molten-Salt Liquid-Level Indicators, Two bubble-type liquid-level 
indicators are used t o  show the l iquid level  of fuel  salt. They are 
identical  except tha t  one reaches i o  a 2-in. greater depth than-the other. 
I n  t h i s  type of indicator a flow of helium passes through a tube inserted 
vertically into the salt from above the salt level. 
pressure between the gas supply t o  the level  indicator and the gas space 
i n  the pump tank is  a function of the depth of the tube i n  the salt. 
gas flow from the indicators ex i t s  through the gas purge nozzle, helping 
t o  dilute and carry o f f  f iss ion gases, as mentioned above. 

The difference i n  

The ad 
- 
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The coolant-salt pump a lso  contains a buoyancy leve l  indicator, which 

uses the output from a calibrated different ia l  transformer t o  indicate 
level. 

Gas Purge System. H e l i u m  enters the pump shaft  annulus below the 
shaft lower seal. 
i n  the annulus t o  reduce the migration of o i l  vapors from the lower seal  
leakage catch basin t o  the pump tank. A drain passage for  the o i l  which 
leaks past the lower shaft seal  conducts the flow of helium from the pump 
t o  the charcoal traps. 

A portion of the helium ( 0.1 liter/min) flows upward 

The remainder of the helium purge (2.3 liters/min) flows down the 
shaft annulus, reducing the migration of f iss ion gases from the pump tank 
t o  the region of the lower shaft  seal. 
space and dilutes and transports f ission gases t o  charcoal traps. 

This flow enters the pump tank gas 

Flexible Supports for  the Fuel-Salt Pump. The fuel-salt  pump i s  
mounted on a horizontal plate  which is  supported at each end by the ar- 
rangement shown i n  Fig. 2. 
for  three degrees of translational displacement. These supports are shown 
i n  Fig. 3 .  
translation of the pump support plate. Bearings on the upper side of item 
1 mate with raceways i n  item 2 t o  permit forward and backward displacements 
of the pump. Item 2 is  i n  turn supported by inclined linkages, attached t o  
the base, which provide for  ver t ica l  displacements. The weight of the p a p  
system is counterbalanced with springs as shown and, as the salt piping 
system expands or contracts, the pump moves accordingly. 

The end supports are identical  and provide 

Roller bearings on the top surface of item 1 permit sideways 

The coolant-salt pump is  mounted i n  a r igid support. 

Provisions for  Cooling the Gas-Bounded Portion of the Pump Tank. The 
outside surface of the upper section of the fue l  pump tank i s  gas cooled 
t o  remove nuclear-deposited heat. 
i s  f i t t e d  around the neck of the pump tank t o  distribute the flow of cool- 
ing gas (approximately 200 cfm of nitrogen) across the outer surface of 
the tank. 

This is  shown i n  Fig. 4. A distributor 

This cooling is  not required on the coolant-salt pump tank. 

Drive Motor. 
sel, fabricated t o  meet the requirements of a Primary Nuclear Vessel as 
specified i n  the ASME Boiler and Pressure Vessel Code and appropriate 
Code Case Interpretations 127ON-2 and 1272N-4. Two grease-lubricated 
angular contact bearings, designed t o  operate continuously for  l~ hr 
without maintenance or relubrication, support the shaft. The grease, 
Nuclear Radiation Resistant Grease-159, i s  reported3 t o  be capable of 
withstanding 3.4 x lo9 rads t o t a l  radiation dosage. The basic insula- 
t ion system used i n  the motor windings consists of silicone-glass-mica 
laminates, silicone rubber over glass and type "ML" enamel, and mult i -  
dip-impregnations of silicone varnish. 
of withstanding an integrated radiation dose i n  excess of lo9 rads. 

The pump drive motor i s  i n  a hermetic containment ves- 

These materials should be capable 
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Fig. 2. MSRE Fuel Pmp Support. 
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PUMP TANK 

HEATERS AND INSULATION 

Fig. 4.  Pump Tank Upper Shell Cooling. 

Each of the salt pump motors i s  75 hp, but the fuel-salt  pump motor 
i s  1200 rpm synchronous speed and the coolant pump motor i s  1800 r p m .  

Noteworthy Problems Resolved During Design and 
Develoment of Salt  F’um~s 

During the design and development of these pumps, a number of note- 
worthy problems were resolved. 
the s t ra in  fatigue associated with thermal cycling from room t o  operating 
temperatures and from zero t o  f u l l  reactor power w a s  investigated. 
effectiveness of the purge-gas flow i n  the shaft annulus i n  limiting the 
back diffusion of f iss ion gases w a s  studied with the prototype pump using 
85Kr. 
of the lower end of the pump shaft annulus with solidified salt w a s  dem- 
onstrated. Attempts were made t o  ‘determine the effectiveness of the de- 
vice i n  the fuel-pump tank fo r  removing f iss ion gases. 
running clearances t o  provide for  off-design pump operation were deduced. 

The ab i l i ty  of the pump tanks t o  withstand 

The 

The need for  maintaining t h i s  purge-gas flow t o  prevent plugging 

Adequate shaft 

Pump Tank Thermal Stresses 

The ab i l i ty  of the fuel- and coolant-salt pump tanks t o  sustain 100 
reactor startup cycles from room temperature t o  1200°F and 500 cycles from 
zero t o  f u l l  reactor power w a s  studied. 
s t ress  and the resultant s t ra in  fatigue associated w i t h  these cycles were 
computed and were compared with values of the thermal fatigue strength of 
Hastelloy N, deduced from metallurgical experiments. 
the upper section of the fue l  pump tank required cooling, but the coolant 
pump tank did not require t h i s  cooling. 

Values of the maximum thermal 

It w a s  found that  
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I n  analyzing the thermal s t r e ~ s e s , ~  the configuration (Fig. 5 )  w a s  
considered t o  be composed of: 
extending from the volute t o  the junction with the spherical shell; (2) 
an external cylinder, cylinder "B," extending from the junction w i t h  the 
spherical she l l  t o  the top flange; and ( 3 )  the upper spherical she l l  of 
the pump tank. 

(1) an internal cylinder, cylinder "A," 

Internal heat generation, conductive heat flow, convective and ra- 
diative heat t ransfer  with the salt, and cooling of the shield plug and 
upper pump tank surfaces were the bases for  calculating temperature dis- 
tr ibutions i n  the pump tank for  various operating conditions with the 
generalized heat conduction code (GHT Code) .5 The axial temperature dis- 
tr ibutions of the volute support cylinder at  various operating conditions 
and the effect  of the gas cooling on the temperature distribution are 
shown i n  Fig. 6. 
i c a l  shell (i.e., the upper section) for various operating conditions in- 
cluding cooling are shown i n  Fig. 7. 

The temperature distributions along the pump tank spher- 

UNCLASSI FIE0 
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Fig. 5. Pump Tank and Volute Support Cylinder Geometry. 
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Fig. 6. Axial Temperature Distribution of Volute Support Cylinder 
at Various Operating Conditions. 

200c 

1800 

1600 

IA 

W a 
3 

1400 

t 
2 4200 
a 
w 

W 
!- 

4000 

800 

UNCLASSIFIED 
ORNL-LR-DWG 64493R 

d AND INDICATE TEMPERATUR~S P R E D I C ~ D  BY THE 

I I I I I 

TEMPERATURE EQUATIONS FOR THE 0 AND 40-MW 
- POWER CASES WITH 200-cfm COOLING AIR FLOW 

:YLIN DER I I I I 
IUNCTION I FUEL PUMP, 40-Mw POWER, NO EXTERNAL COOLING 

600 
0 2 4 6 8 40 42 (4 46 

MERIDIONAL POSITION (in.) 

Fig. 7. Meridional Temperature Distribution of the Torispherical 
Shell at Various Operating Conditions. 
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An Oracle program was used t o  obtain the pressure stresses on the 
cylinder, and an IBM 7090 program was used t o  obtain the thermal stresses 
i n  the two cylinders and the sphere. 
the fuel  pump at  cylinders "A" and "B" f o r  zero power operation with, and 
without cooling are shown in  Fig. 8. 
B for 10-Mw power operation with and without cooling are shown i n  Fig. 

9. The thermal stresses i n  the spherical she l l  f o r  zero power operation 
with and without cooling are shown i n  Fig. 10. The stresses i n  the spher- 
i c a l  shel l  for  10-MY power operation with and without cooling are shown i n  
Fig. 11. 

The principal thermal stresses i n  

The stresses a t  cylinders "A" and 
II 11 

The results of the strain-fatigue analysis are presented i n  Tables 
1 and 2. 
factor, i s  the decimal fraction of the strain-fatigue l i m i t  of Hastel- 
loy N used up. 
data i n  Table 3 are obtained. 

The last column in  each table, often referred t o  as a usage 

By combining the usage factors i n  Tables 1 and 2 the 

A usage factor of 0.8 or less  indicates a safe operating condition.6 
A t  cooling air f l o w  rates from 100-300 cfm the usage factor i s  less  than 
0.8, and a cooling air flow rate of 200 cfm has accordingly been selected 
for  the KKE. 

A detailed report of the thermal-stress and strain-fatigue analyses 
for  both the fuel- and coolant-salt pumps has been p ~ b l i s h e d . ~  

Back Diffusion of Fission Gases i n  the Pump Shaft Annulus 

It has long been recognized tha t  the migration of fission gases from 
the pump tank t o  the region of the shaft lower seal v ia  the shafe annulus 
can polymerize leakage seal-oil  and lead t o  plugging of the drain l ine  for  
that leakage. 
t o  minimize t h i s  migration. 

A flow of purge gas down the shaft annulus was introduced 

Back-diffusion tes ts ,7  using 85Ki-, on the prototype pump measured 
Figure 1 2  shows a sche- the effectiveness of the shaft annulus purge. 

matic of the t e s t  setup. The upper end of the annulus through which the 
"down the shaft" purge flows contained a labyrinth seal with a 0,005-in. 
diametral clearance with the shaft. 
tank as shown. 
i n  the pump tank off-gas and i n  the leakage o i l  catch basin a t  various 
flow rates of purge gas. Table 4 shows the data obtained during the tes ts .  
A count ra te  meter, capable of detecting a concentration as s m a l l  as 0.95 x 
10-l' curie/cm3, detected no 85Kr i n  the leakage o i l  purge gas. 
data indicate the effectiveness of the purge gas t o  reduce the concentra- 
t ion  of 85Kr i n  the catch basin by a factor of at  l ea s t  20,000, compared 
with the concentration i n  the pump tank. 

Krypton-85 was injected into the pump 
Count rate meters determined the concentrations of 85Kr 

These 

The radiation tolerance of the o i l  used with the MSIiE pumps i s  lo7 
rads/g. 
the catch basin. 
fuel pump for  a dose of lo7 rads per g of o i l  with 1-MeV beta radiation 

With t h i s  amount of irradiation, the o i l  w i l l  flow and drain from 
The permissible source i n  the catch basin for  the MSRE 
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Fig. 8. Fuel Pump Principal Thermal Stresses a t  Cylinders "A" and 
for  Operation a t  Zero Power. 

Fig. 9. Fuel Pump Principal Thermal Stresses a t  Cylinders "A" and 
"B" for  Operation a t  10 Mw. 
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for  Operation a t  10 Mw. 
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Table 1. Fuel Pump St ra in  Data f o r  Heating Cycle ( t o  1200OF) 

Cycle Cycle S t ress  M a x i m w n  
S t ress  Allowable Fraction Fraction i n  

Cycles Per 100 Cycles, In tens i ty  

A i r  
Flow Amplitude 

Cycle S / N 1  

100 14,400 7,200 2,500 0.00040 0.040 
150 14 , 143 7,072 2,500 0.00040 0.040 

(Psi)  (Ps i )  (c-1 

50 31,124 15,562 700 0.00143 0.143 

200 16,095 8,048 2, loo 0.00047 0.047 
250 21,760 10,880 1,300 0.00077 0.077 
300 26,955 13 , 477 880 0.00114 0.114 

Table 2. Fuel Pump S t ra in  Data . for  Power-Change 
Cycle from 0 t o  10 Mw 

Cycle Cycle S t ress  
Amplitude 

MaXimUm 
S t ress  

In tens i ty  
Allowable Fraction Fraction i n  

Cycles Per 500 Cycles, 

A i r  
Flow 

Cycle p2 /N2 
(Ps i )  (Ps i )  ( c f d  

50 37,971 18,985 520 0.00192 0.961 
100 24,763 12,382 1,000 0.001 0.500 
150 18,930 9 , 465 1,600 0.000625 0.312 
200 18,814 9,407 1,600 0.000625 0.312 
250 18,775 9,388 1,600 0.000625 0.312 
300 18,639 9,320 1,600 0.000625 0.312 

Table 3. Usage Factor as a Function of A i r  Flow Rate 

Cycle Cycle Total  
Fraction i n  Fraction i n  Us age 
100 Cycles, 500 Cycles, Factor , 

A i r  

P1 /N1 p2 /N2 Pi/Ni, 
(cfkn) 

50 0.143 0.961 1.10 
100 0.040 0.500 0.54 
150 0.040 0.312 0.352 
200 0.047 0.312 0.359 
250 0.077 0.312 0.389 
300 O.ll4 0.312 0.426 

. 

c 

. 

. 

LJ 
t 
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Table 4. Back-Diffusion Tests 
a 

8 5 ~  Concentration 
in Punnp Tank 
(curies/cm3) 

Shaft Purge Catch Basin Purge 
(liters/day) (liters/day) 

406 
406 
430 
382 
366 
215 
108 
173 
109 
109 
lor, 

I x 104 
487 0.89 
487 0.89 
497 
481 
354 
360 
360 
673 
360 
681 
681 

I 

2.06 
2.77 
3.28 
1.85 
1.21 
1.65 
0.75 
0.90 
3.54 

a Concentration values for catch basin were below the 1Mt of detec- 
tion. 

is  0.13 curie. This i s  based on the conservative assumption that the 
leakage through the catch basin i s  1 g/day and that all the energy of the 
beta emitters is absorbed by the o i l .  
i s  423 an3, the maximum permissible concentration i n  it is  3.1 x lo4 
curie/cm3. This  concentration should not be exceeded, according t o  the 
data i n  Table 4, i f  the concentration i n  the MSRE fuel  pump tank is  main- 
tained at less than 11 curies/an3. The concentration of f iss ion gas i n  
the MEXE fuel  pump is related t o  purge-gas flow as shown i n  Fig. 13. The 
data indicate tha t  a flow of approximately 1400 l i ters/day w i l l  ensure 
that the concentration i n  the pump tank w i l l  be l e s s  than 11 curies/cm3. 
Purge-gas flows of 3300 li ters/day down the shaft annulus and 1300 liters/ 
day from the level  indicators are available i n  the MSRE fuel  pump. 

Since the volume of the catch basin 

Shaft Annulus Plugging 

One 700-hr test '  with molten salt at 1200'F w a s  terminated when fluc- 
tuations i n  the power required by the motor led  us t o  conclude tha t  the 
shaft w a s  rubbing, possibly i n  the shield plug. 
presence of solidified salt i n  the pump shaft annulus. 
ys i s  of the prevailing operating conditions revealed tha t  the pump tank 
pressure had exceeded the supply pressure of the gas t o  the shaft annulus 
by 5 ps i  and had caused the gas flow i n  the shaft purge annulus t o  flow 
upward instead of downward. The chemical composition of a sample of the 
material taken from the shaft annulus w a s  very close t o  that of the salt 
being circulated. !!%e results of x-ray and petrographic examinations of 
the sample indicated that  the material w a s  carried t o  the annulus as an 
entrained mist. 

Inspection revealed the 
Subsequent anal- 
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Fig. 13. Fission Gas Concentration i n  Pump Bowl vs Purge Flow Rate. 

To prevent reoccurrence of t h i s  incident and t o  provide protection 
against the back diffusion discussed i n  the previous section, the gas 
flows t o  and fromthe pump tank are monitored t o  assure tha t  gas flows 
down the shaft  annulus. The flow ra te  of gas from the pump tank must 
equal the flow ra te  of the purge down the shaft  annulus plus the flow 
rate  of gas t o  the bubble-type leve l  indicators. 

Nuclear Poison Removal from the Fuel Sa l t  
c 

Simulating the removal of the 135Xe poison by helium contact w i t h  salt 
* spray i n  the fue l  pump tank, t e s t s  were m a d e  i n  the water t e s t  faci l i tyg 

with w a t e r  ( s a l t ) ,  dissolved carbon dioxide (xenon), and air (helium 
purge). However, since the applicability of these t e s t s  t o  the molten 
salt, xenon, and helium system i n  the reactor i s  doubtful, the results 
are not included here. 

tempts t o  determine the effectiveness of the spray device'' using 85KY 
failed. 
t ra t ion  of 3.5 x lo4 curie/cm3 and while the salt was  circulating, at- 
tempts were made t o  detect the ac t iv i ty  i n  the salt through the system 
piping and t o  determine the act ivi ty  decrease with t i m e ,  However, the 
instrumentation was unable t o  detect o r  measure any act ivi ty  through the 
salt piping. 

f 

During the back-diffusion On the p ro to tne  Pump, several at- 

When the pump tank gas space was  charged with 85KY a t  a concen- 

td 
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Running Clearances t o  Accommodate Hydraulic Unbalance 

Centrifugal pumps have a best-efficiency operating condition at which 
the various losses i n  the impeller and volute are minimum and the pressure 
distribution i n  the volute is  uniform. During operation at this  condition 
(see the balance l i ne  shown i n  Fig. 14), the net radial force on the im- 
pe l le r  is nearly zero. During operation at higher and lower flows, the 
volute pressure distribution becomes non-uniform and a net radial force 
appears on the impeller. 
departs far ther  from the balance l ine,  and operation at conditions which 
are off-design thus produces shaft deflections. 

This force increases as the operating condition 

During the prototype pump t e s t s  w i t h  the 13-in.-diam impeller, a shaft 
seizure occurred.11 
t ion of the shaft  sufficiently large t o  cause rubbing of the hot, d+ shaft  
against the bore of the shield plug at i t s  lower end. 
tion-welded t o  the bore of the shield plug over a length of about 4 in. 
(Fig. 15). 
were increased t o  0.045 in. t o  avoid shaft  seizure a t  anticipated off- 
design operating conditions. 

Operation a t  off-design conditions produced a deflec- 

The shaft w a s  f r i c -  

The running clearances between the shaft and the shield plug 

t 
0 

I 
t 
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MINIMUM RADIAL FORCE ON IMPELLER 

- PROTOTYPE PUMP OPERATION WITH 13-in. IMPELLER 
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Fig. 14. Hydraulic Radial Unbalance of Centrifugal Pump Impeller. 
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Fig. 15. Results of MSRE Prototype Pump Shaft Seizure. 

Results of Tests with Prototype Pumps 

I n i t i a l  tes t ing of the salt pmps w a s  performed i n  a water t e s t  fa- 
c i l i t y  t o  verify the hydraulic performance characterist ics and t o  develop 
the necessary baffles and guides t o  obtain satisfactory behavior of the 
l iquid i n  the pump tank. 
The hot tests were conducted t o  further verify the hydraulic performance 
during molten-salt operation and t o  ascertain the adequacy of the design 
t o  withstand the temperature and functional requirements. 

Water Tests 

t he i r  hydraulic performance data f o r  comparison w i t h  the  manufacturers' 
reported performance. 
manufacturers' reported performances t o  f i t  the estimated system require- 
ments i n  the MSRF:. 
obtained at ORNL and the manufacturers' performance. 

Hot tes t ing on the prototype pump followed. 

Water tests9 were performed with each of the salt pumps t o  obtain 

The pump characterist ics were selected from the 

There w a s  l i t t l e  difference between the performance 
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Prototype Pump Hot Tests 

A large portion of the MSFlE pump development consisted of work with 
the prototype pump. 
operating conditions, the impeller diameter, the test duration, the pri- 
mary purposes of tests, and the reason for their termination. 
of undissolved gas in the circulating salt was investigated in the proto- 
type pump test facility. 
tometer to determine the content of undissolved gas in the circulating 
salt. 
ments is not yet certain. 

Table 5 enumerates the principal tests and gives the 

The problem 

Measurements were made with a radiation densi- 

The results are not reported, because the accuracy of the measure- 

Status of Molten-Salt Pumm 

Prototype Pump 

Remaining Development Tests. Further measurements will be made of 
the concentration of undissolved gas in the circulating salt. 
will be continued with the radiation densitometer, and the effects of 
questionable variables on the results will be evaluated. 

Measurements 

Because of shaft-rubbing incidents, the clearance between the shaft 
and the purge-gas labyrinth was increased from 0.005 in. to 0.010 in. 
additional back-diffusion test with 85Kh-, at various purge flow rates, 
will therefore be made, using the 0.010-in. clearance. 

An 

The pump and test facility will be used when required to investigate 
problems which may arise throughout the operation of the reactor. 

Endurance Operation. A s  time permits, the prototype pump w i l l  be op- 
erated at 1200°F to investigate the endurance and reliability of the unit. 

MK-1 Pumps 

Each of the two salt pump rotary assemblies for the MSRE was operated 
satisfactorily at 1200°F, circulating salt, for approximately 100 hr in the 
prototype pump test facility prior to delivery to the MSRE. The MSRE pump 
drive motors were used to rotate the pumps f o r  these tests. General be- 
havior, performance of the bearings and seals, and hydraulic performance 
were observed. 
draulic performance data obtained with the coolant-salt pump has only 
minor value, however, since the impeller was matched with the fuel pump 
volute in the test facility. 

Adequacy of the running clearances was verified. The hy- 

The MK-1 fuel and coolant pumps, including their drive motors and 
lubrication systems, have been delivered to the MSm. 



Table 5. Prototype Pump Tests 

Impeller Test Molten- m P  
Shaft Salt Diameter Duration Primary Purposes of Test Reason for Termination Test s a l t  

No. Temp Speed Flow 
(in. 1 (hr) 

(OF) ( rpm) ( am) 

1 80-1200 1150 
1 1200 700-1030 750-1600 
2 1200 700-1030 750-1200 

3 1200 600-1150 400-1500 

4 1200 1185 1100 

5 1200-1320 1185 l loo  

6 1200 l l50 1070 

6 1000-1400 600-1150 500-1070 
7 1200 1150 1070 

7 llOG1300 700-1150 600-1070 
8 1100-1300 l l50 1070 

Total operating time: 

13 118 Shakedown 
13 217 Hydraulic performance 
13 96 Hydraulic performance 
ll-1/2 1968 Hydraulic performance 

11-1/2 1848 Back-diffusion tests 

1 1 4 2  792 Gas concentration tests 
in circulating salt, 
back-diffusion tests 

l l 4 2  335 Gas concentration tests 
in circulating salt 

l l-1/2 368 Hydraulic performance 
1 1 4 2  120 Proof test of MSRE fuel 

pump lubrication stand 
and the fuel-pump sup- 
ports 

1 1 4 2  409 

1 1 4 2  168 Proof test of coolant 
pump lubrication 
stand and the fuel 
pump supports 

6439 

Shaft seizure 
Scheduled 
Variable frequency 
motor- gene rat or  
failure 

Variable frequency 
motor- generator 
failure 

Scheduled 

>* 
* -.I. 

1 

Shaft annulus plugging 

Scheduled 
Scheduled 
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MK-2 Fuel-Salt Pump 

A modification of the MK-1 fuel-salt  pump i s  under development. It - 
contains the same impeller and volute i n  a pump tank which w i l l  provide 
an additional 6 f t3  for  thermal expansion of the system salt. The 36- 
in. dim of the tank was  retained, but i t s  height was  increased approxi- 
mately 9-3/4 in.. Increasing the shaft length and thus the overhang of 
the impeller below the lower shaft  bearing was  necessitated. It was  pos 
sible, however, t o  retain the MK-1 pump shaft  diameter. 

A mockup of the pump tank alone i s  being used i n  water tests t o  de- 
velop the hardware necessary t o  control the concentration of undisso 
gas i n  the circulating l iquid and t o  measure the rates of removal of c 
dioxide dissolved i n  the circulating liquid. The resulting tank confi 
ration w i l l  be incorporated into the water t e s t  pump for  further water 
testing. A hot salt t e s t  w i l l  be made with the f i n a l  tank configurati 

MK-3 Fuel-Salt PMlp 

I n  the planning of the MK-3, an advanced salt pump design of l a rg  
capacity, advantage w i l l  be taken of the performance of MK-1 and MK-2 
signs, the experience i n  the AEC program for  the development of large 
sodium pumps, and the in-sal t  bearing experience a t  OFXL.12~13 
present time, a ver t ical  sump-type pump, the upper end of the shaft 
ported by oil -  o r  grease-lubricated radial and thrust  bearings and t 
lower end supported by a salt-lubricated journal bearing, i s  the pre- 
ferred design for  the MK-3. 

A t  the 

References 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
8. 

H. W. Savage and W. G. Cobb, Chem. Eng. Progr. - 50, 445 (1954). - 
A. G. Grindell, W. F. Boudreau, and H. W. Savage, Nucl. Sci. Eng. 
- 7, 83-91 (1960). 

J. G. Carroll & &., Lubrication Eng. - 18, 64 (1962). 

C. H. Gabbard, ThermaJ-Stress and StraiFFatigue Analysis of the MSRE 
Fuel and Coolant Pump Tanks, ORNL-TM-78 (Oct. 3, 1962). 

T. B. Fowler, Generalized Heat Conduction Code for the 1% 704 Com- 
puter, ORNL-2734 (Oct. 14, 1959), and Supplement ORNL-CF-61-2-33 
(Feb. 9, 1961). 

Tentative Structural Design B a s i s  for  Reactor Pressure Vessels and 
Directly Associated Components (Pressurized, Water Cooled Systemsj' 
(esp. p. 31), PR 151987 (Dec. 1, 1958), U.S. Dept. of Commerce, Office 
of Technical Services. 

MSRP Semiann. Progr. Rept. July 31, 1963, ORNL-3529, pp. 47-49. 

Letter from P. G. Smith t o  R. B. Briggs, Shaft Plugging Incident; 
MSRF: Prototype Fuel Pump, MSR-63-29 (Nov. 12, 1963) (internal use 
only) 



i 

4 

167 

9. 

10. 

P. G. Smith, Water Test Development of the Fuel Pump for  the MSRE, 
Om-TM-79 (Mar. 27, 1962). 
MSRP Semiann. Progr. Rept. July 31, 1963, ORNL-3529, p. 44. 

11. 

12. 

Letter from A. G. Grindell t o  R. B. Briggs, MSFE Prototype Pump Shaft 
Seizure, MSR-62-67 (Aug. 27, 1962) ( internal  Use only). 
P. G. Smith, A S U  (Am. SOC. Lubrication Engrs.) Trans. - - 4(2 ) ,  26374 
(1961) . 

13. MSRP Semiann. Progr. Rept. Feb. 28, 1962, Om-3282, p. 56. 

COMPONENT DEVELOPMENT IN SUPPORT OF TRE m- e--- G2Z- 

Dunlap Scott, Jr. 

The rel iable  performance of components and auxiliaries used i n  the 
circulation of molten salts was established by over 200,000 hr  of accu- 
mulated loop operations and formed the basis for  the specifications of 
components fo r  the MSHE. 

A s  an added ensurance of r e l i ab i l i t y  and safety, prototypes of c r i t -  
i c a l  MSRE components were operated out-of-pile under conditions resembling 
those of the reactor. 

I n  general, there are two phases of development work done on 
nents. The first,  i n  areas not well defined, consists 

component and system design specifications through experime 
es  of well-defined components for 

rmance and safety. It 
t of the development 

of the MSHE components, and, mostly, 

F i r s t ,  I would 1 at t ransfer  . 
ted i n  building and operating with 
a rough, preliminary design check i n  

The scale factor of establishing the acceptability of design concepts. 
1/5 was chosen because, when the model was operated with water a t  95°F 
with f lu id  velocit ies equal t o  the salt velocit ies i n  the reactor, the 
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Fig. 1. Full-scale Core Model. 
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model w a s  fluid-dynamically similar t o  the reaCior, and certain measur- 
able parameters were related by a simple proportionality constant. 
constant w a s  5 for  the l inear  dimensions and f lu id  age, 1.38 for  the tur-  
bulent heat t ransfer  coefficient, and 1 for  f lu id  velocity, Reynolds 
number, and relative f luid pressure gradients. The model was  used prin- 
cipally t o  design the entrance volute, the flow distribution or i f ice  as- 
sembly, and the ant iswir l  vane configuration i n  the bottom head. 

This 

d 

C 

hr 

The second phase of development used a full-scale core model, which 
Figure 1 shows this  model. i s  almost an exact duplicate of the reactor. 

It is  constructed of carbon s teel ,  except for  the core blocks and par t  
of the moderator support grid,which are aluminum. 
such as increased tolerances, were made for  convenience and economics. 
Note the p las t ic  windows, probe access holes, and the g i r th  flange. 
the i n i t i a l  data were taken w i t h  water as the fluid. This results i n  a 
Reynolds number for  the model tha t  i s  about four times that of the re- 
actor. L a t e r  i n  the program, a thickening agent (JAGUAR-508, by Stein 
H a l l  and Co.) w a s  added i n  order t o  more closely simulate the Reynolds 
numbers, and measurements which were suspected of having a strong depend- 
ence on the Reynolds number were repeated. 

The areas i n  which measurements were made may be seen i n  Fig. 6, 
p.18. I shall quickly run through the measurement i n  the same order as 
the flow of f lu id  through the vessel: first, into the entrance volute, 
then through the flow distribution orifices,  down the she l l  cooling w a l l  
annulus, into the lower head, through the core support l a t t i c e  and core, 
into the upper head, and out the ex i t  nozzle. 
l i ne  velocity of the volute at three flow rates. The l inear  decrease i n  
velocity indicates that the angular distribution of flow into the core 
w a l l  cooling annulus is  uniform. Since it is  desirable t o  maintain high 
velocit ies and high heat transfer coefficients through the cooling an- 
nulus, the or i f ice  holes were dr i l led  at  an angle t o  re ta in  i n  the an- 
nulus the rotational flow established i n  the volute. 
of the resultant center-line velocity vs elevation i n  the annulus. The 
decrease i n  velocity resul ts  from the al terat ion of the tangential com- 
ponent. 
core at  the bottom of the annulus inditated that the flow t o  the lower 
head is  uniform. 

Other differences, 

A l l  

Figure 2 gives the center- 

Figure 3 i s  a plot  

Measurements of the center-line velocity distribution around the 

If the tangential component of ow velocity were not removed by 
the antiswirl vanes i n  the lowe ad, it would produce an unfavorable 
vortex-type pressure d i  s t r ibu t  i the entrance into the moderator 
blocks. The a n t i s w i r l  vanes pe ed well, as can be seen i n  Fig. 4. 
Due t o  the radial pressure distribution e w a l l  of the lower head, 
the pressure is a l i t t l e  higher i n  the ce This i s  i n  the right di- 
rection t o  promote higher flow rates  e center of the core. An 
additional a t t ract ive feature of t h i  condition i n  the lower 
head is  the production of a je  the w a l l ,  as shown i n  Fig. 5. This 
velocity prof i le  was  measured at  a radius of 17 in. and a flow ra te  of 
1200 a m .  A heat transfer coefficient of 1200 Btu hr-l ft'2 
calculated from these data. 
point, and, i n  fact ,  the flow over the vessel center l i ne  i s  gusty and 

was 
This j e t  did not pers is t  much past this  
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Fig. 2. Center-Line Velocity Distribution in Volute. 
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Fig. 3. Center-Line Velocity Distribution vs Elevation in Cooling 
Annulus. 
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Fig. 4. Radial Pressure Gradient a t  Wall of Lower Head. 
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Fig. 5. Velocity Profile of Wall i n  r Vessel Head a t  a Ra- 
of 17 in. and a Flow Rate of 1200 . Measurements were made a t  

90" t o  each other. 
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not predominant i n  amy one direction. 
with a heat meter i n  this  region are shown i n  Fig. 6. There are some un- 
cer ta int ies  i n  correlating the data at  4 in.; however, the results are 
believed t o  be within 5% and may be somewhat conservative, when thermal 
convention i s  included. Both curves indicate turbulence i n  t h i s  area. 

The results of measurements made 
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Fig. 6. Heat Transfer Coefficients i n  Lower Head of Reactor Vessel. 

We now come t o  the moderator assembly, where the graphite support . 
The support l a t t i c e  consists l a t t i c e  and the moderator core blocks are. 

of two layers of rectangular bars, one layer on top of, and perpendicular 
to,  the other. The resultant square fue l  passage holes are s m a l l ,  and 
the high fue l  velocity through them produces an or i f ic ing effect. The 
velocity through the core blocks i s  much lower; consequently, the bulk 
of moderator assembly f r ic t iona l  head loss  is  taken i n  the l a t t i c e  bars. 
The data i n  Fig. 7 were taken with water and l a t e r  verified with a thick- 
ening agent, added fo r  Reynolds number similarity. The t o t a l  assembly 
pressure drop is  shown along with the pressure drop across the l a t t i c e  
support measured i n  a separate mockup. 
flow i n  the moderator fue l  channels, although it should be laminar since 
the Reynolds number i n  the channels is  about 1000, based on the equivalent 
diameter. This disagreement only indicates tha t  the entrance conditions 
pers i s t  well up into the channel. 
graphite channels are shown i n  Fig. 8. 
taken i n  mutually perpendicular channels having different inlet  condi- 
t ions due t o  th i s  support l a t t i ce ,  as shown i n  the sketch. To correct 
t h i s  deficiency, l/lO-in.-diam holes were dr i l led  i n  the upper graphite 
support bars direct ly  under the starved channels. 
change indicated necessary by the measurements. 
decreases slightly with increasing radius, which ref lects  the radial pres- 
sure distribution measured i n  the lower head. Measurements made i n  the 
upper head indicated tha t  no vortexing existed there. The overall  pres- 
sure drop through the core, from the %in. i n l e t  pipe t o  th i s  5-in. ex i t  

These curves indicate turbulent 

The flow distributions among the 
The two curves represent data 

This w a s  the only 
Note also tha t  the flow 

r? 
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Fig. '7. Fuel Frictional Pressure Drop Across Moderator Assembly. 
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pipe, i s  given i n  Fig. 9. 
dicates tha t  the pressure drop i s  independent of Reynolds number. 

the lower head. 
and l e s s  than 300 p i n  size would continue through the lower head and up 
through the moderator, causing no problem. 

Note that the l ine  has a slope of 2, which in- 

Experiments were run t o  study the tendency of solids t o  settle out i n  
It w a s  found that  solids with a specific gravity of 10 

In  smaqr, the results of these t e s t s  indicate tha t  the flow dis- 
tr ibution within the reactor vessel assembly w i l l  provide adequate cool- 
ing t o  a l l  parts of the assembly. 

100 200 500 1000 2000 
FLOW RATE (gprn) 
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5000 lO.000 

Fig. 9. O v e r a l l  Fluid Frictional Head Loss Across MSKE Core. 

Heat Exchanger 

Hydraulic tes t s ,  similar t o  those just described fo r  the reactor, 
were run on the primary heat exchanger. 
performed last  December. 
drop through the tube side agreed with the calculations, but tha t  the 
pressure drop on the she l l  side was  excessive and that the tubes vibrated 
excessively at flow rates above 800 gpm i n  tha t  side. 
was  remaved, and a special stainless s t ee l  test she l l  was  installed. As 
a resul t  of subsequent tests, the tube vibrations were eliminated by at- 
taching t igh t - f i t t ing  spacer bars t o  the baffle plates between the rows 
of tubes, and the pressure drop through the she l l  side was reduced by re- 
moving four tubes and increasing the size of the outlet  nozzle. Figure 
11 shows the f lu id  fr ic t ional  head loss,  as measured i n  the heat exchanger 

Figure 10 shows th i s  test  being 
The i n i t i a l  t e s t s  indicated tha t  the pressure 

The INOR-8 she l l  
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Fig. 12. Core Heater. 
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a f t e r  the al terat ions were completed. 
dicate tha t  the pressu;e"&rop on the she l l  side i s  mostly due t o  entrance 
and ex i t  losses and tha t  the pressure drop on the tube side resul ts  mainly 
from f r ic t iona l  losses. We believe tha t  the heat exchanger w i l l  now per- 
form as originally planned. 

The slopes ~ I *  of the two curves in- 

Heaters 

The next development area tha t  I would l i ke  t o  discuss i s  concerned 
with the vessel and l i ne  heater and insulation packages. 
provide a controlled temperature distribution during heatup and cooldown 
as well as reduce the heat l o s s  t o  the reactor and drain tank c e l l  during 
high-temperature operation. Figure 12  shows a full-scale mockup of a 
section comprising 15% of the heater fo r  the reactor furnace which w a s  op- 
erated fo r  20,000 hr  at  1250'F without incident. 

These units 

A prototype of a single heater for  the drain tank was operated at 
1200°F over 10,000 hr  without difficulty.  
during assembly. The leads t o  the ceramic elements are interconnected 
by welding, and one of these welds fa i led early i n  the t e s t  operation. 
The design and inspection of the weld w a s  improved, and no further trouble 
was encountered. 

Figure 13 shows the heater 

The heaters fo r  the 5-in. pipes are enclosed i n  a l l -meta  reflective 
insulation which w a s  chosen because of the dusting problem normally en- 
countered with refractory materials when much handling i s  required. 
insulation units of the type shown i n  Fig. 14 have operated with the in- 
t e r io r  above 1200°F fo r  more than 5000 h r  without d i f f icu l ty  o r  apparent 
deterioration, as would be indicated by a change i n  heat loss.  

Heater- 

Another uni t  associated with the control of temperature of the ves- 
se l s  i s  the drain tank cooler, which i s  used t o  remove the afterheat fol- 
lowing extended operation at fu l l  power. 
the test  of a three-tube mockup of the original design of t h i s  cooler. 
The reentrant thimbles shown were immerised i n  a salt which was maintained 
between 1300 and 1400°F. 
smaller concentric tubes fo r  cooling water flow, were inserted in to  the 
thimble and cycled by allowing water t o  flow in to  the bayonets. 
the temperature of bayonets had been above 1300"F, the thermal shock from 
the water quench w a s  t e r r i f i c .  
tube which had experienced more than 2600 such thermal cycles. The de- 
sign of these tubes was changed i n  the area of the welds a t  the spacer 
f ins ,  and new t e s t  units were constructed from INDR-8. These uni ts  have 
operated through more than 1000 thermal cycles with no evidence of crack- 
ing, even at  the surface. On the basis of these t e s t s ,  the drain tank 
cooler should operate without trouble through a t  l ea s t  100 reactor shut- 
downs from fu l l  power. 

Figure 15 shows the parts fo r  

The Inconel cooling bayonets, which include 

Since 

Figure 16 shows a portion of the inner 
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Fig. 13. Drain Tank Heater During Assembly. 
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Fig. 14. Pipe Heater. 
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Mechanical-type joints  are provided i n  the 5-in. piping i n  the fuel- 

and coolant-salt system inside the reactor c e l l  t o  permit the major equip- 
ment t o  be disconnected for  removal and replacement. The so-called "freeze 
flange" type of joint  w a s  chosen because of i t s  proven r e l i ab i l i t y  i n  pro- 
viding tight connections w i t h  zero salt leakage and insignificant gas leak- 
age under all anticipated thermal-cycling conditions. Freeze flanges have 
been a par t  of molten-salt engineering development fo r  several years. 
Flanges w i t h  in tegral  cooling were incorporated i n  the Remote Maintenance 
Demonstrations Facil i ty,  where it was shown that they could withstand re- 
peated thermal cycles and could be broken and reassembled. As a resu l t  
of these preliminary tests, the design of the flange w a s  improved t o  pro- 
vide greater strength toward axial loads, t o  reduce the thermal stress, t o  
improve the tightness of the buffer seal, and t o  remove the requirement 
of integral  cooling. Flanges of the improved design (shown i n  Fig. 17) 
were thermal cycled between room temperature and 1300°F more than 100 
times without significant changes which would indicate excessive thermal 

9 

. 

Fig. 15. Drain Tank Cooler T e s t  Components. 
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stress.  
mained l e s s  than 5 x lo4 s t d  cm3 of helium per second. 
a new flange would make up and seal  sat isfactor i ly  w i t h  a flange which 
had experienced several thermal cycles from room temperature t o  1300'F. 
In  addition, there was a flange pair  of t h i s  type incorporated i n  the 
prototype pump test  loop, described i n  the section on pump development, 
and it has operated sat isfactor i ly  throughout that tes t .  We have found 
nothing, from these or other tests, which would indicate problems with 
the use of these freeze flanges i n  the MSRE. 

During all these t e s t s  the gas leakage from the buffer zone re- 
It was  found tha t  

I n  addition t o  the work on freeze-flange disconnects, s m a l l ,  remotely 

These disconnects 
maintainable buffered seal disconnects were developed fo r  use i n  the 
sampler-enricher and the various gas l ines  of the MSKE. 
sat isfactor i ly  demonstrated the i r  re l iab i l i ty  under extreme temperature 
conditions of operation. 
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Freeze Valves 

A re l iable  high-temperature mechanical valve was  not available a t  

It w a s  nee- 

Many vari- 

the start of t h i s  project. 
frozen plugs of salt i n  controlling the transfer of salt. 
essqry t o  develop and demonstrate a valve system which would operate 
reliably and give consistent indications of i t s  condition. 
ations of freeze valves were bu i l t  and tested; Fig. 18 shows the arrange- 
ment chosen fo r  use i n  the reactor drain l i ne  at the drain tank. 

However, there was much experience with 

This valve consists of a flattened section of pipe surrounded by an 
insulated air  shroud, a l l  of which i s  enclosed i n  a special removable pipe 
heater. It i s  characterist ic of t h i s  valve tha t  the frozen plug i s  formed 
within the insulated air  shroud and that  thawing must proceed from the 
ends of the plug toward the center. 
operation comes primarily from tha t  stored i n  the removable pipe heater, 
the time required t o  open the valve i s  changed only s l ight ly  by a power 
failure.  
special pipe heater is  allowed t o  cool t o  below the melting point of the 
salt. 
cycles without dimensional change, and require approximately 20 min t o  
freeze and 15 min t o  thaw. 
through them at  ra tes  of 300 i ~ ~ / h r .  
indicate t o  us tha t  these freeze valves are satisfactory fo r  the MSRE. 

Since the energy fo r  the thawing 

When it i s  required tha t  a valve always remain frozen, the 

Valves of t h i s  type have operated through more than 100 freeze-thaw 

They can be frozen even with salt flowing 
Resul t s  of these and other t e s t s  

Control Rod System 

The control rod drive i s  shown i n  Fig. 19 along with the drive housing. 
The development problems with t h i s  control rod system fo r  the MSRE resulted 
from the fac ts  tha t  the control rod must be flexible enough t o  go around 
an offset  i n  the rod's path and tha t  o i l  bath lubrication of the rotary 
par ts  of the drive mechanism i s  undesirable. The f lex ib i l i ty  requirement 
created problems related t o  the effect  of the stretch of the rod on posi- 
t ion indication and wear a t  the contact surfaces i n  the path offset .  A 
structural  mockup of the control rod i s  shown i n  Fig. 20. Note the bellows 
inside the metal braid i n  the upper section and the wire cable inside the 
sp i ra l  hose i n  the lower section. This construction method was necessary 
t o  reduce the stretch of the rod, while permitting cooling a i r  flow through 
the center. 
of the bottom of the control rod with the remotely indicated position of 
the top of the rod by using t h i s  a i r  flow. The wear problem was solved 
by incorporating graphite-bushed ro l le rs  in to  the guide thimble a t  the 
c r i t i c a l  locations i n  the offset .  
corporated in to  the f i n a l  design, and a prototype rod and guide thimble 
w a s  then successfully operated a t  1200'F through 38,000 f u l l  cycles of 
102 in. of t rave l  per cycle. 

A method w a s  developed which remotely calibrates the position 

These and other small changes were in-  

A radiation-resistant grease w a s  used t o  lubricate the rotary ele- 
ments of the control rod drive and proved satisfactory except at  the 
worm drive section. The wiping action at  the contact surface removed 
the grease there, causing overheating and destruction of the aluminum 
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Fig. 18. Freeze Valve.  



Fig. 19. Control Rod D r i v e .  
Gd 
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Fig. 20. Structural Mockup of MSF43 Control Rod. 

bronze worm wheel a f t e r  16,000 f u l l  stroke cycles. While this  perfor- 
mance w a s  considered adequate fo r  the MSRF,, tes t ing of other materials 
has continued. 
operated i n  excess of 29,000 f u l l  stroke cycles without significant wear .  
Gears of t h i s  type have been specified for  use i n  the reactor. 
have been some other changes as a resul t  of the development testing, but 
they are i n  the category of optimization and do not affect  the rel iabi l i ty .  

A preliminary tes t  using a hardened-steel pair  of gears 

There 

Cover-Gas Svstem 

Another area examined fo r  problems w a s  the cover-gas system. This 
system consists of the inert-gas supply section, the distribution and 
control section, and the off-gas disposaS. sections. O f  these, only the 
purification portion of the inert-gas supply section required experimental 
study, since the other sections are based on w h a t  has become a well-es- 
tablished technology. The inert-gas supply section consists of the supply 
and storage reservoirs, the oxygen- and water-removal units, and the on- 
l ine  gas analysis section. On the basis of preliminary experiments, full- 
scale oxygen- and water-removal units were constructed and tested; the 
oxygen-removal uni t  is shown i n  Fig. 21. The t e s t  results indicated that, 
with a titanium bed temperature of 1200°F and an in l e t  oxygen concentra- 
t ion  of 100 ppm, an outlet  concentration of l e s s  than 1 ppm was  maintained 
u n t i l  58% of the titanium sponge had been consumed. 
oxygen concentration a t  the inlet  t o  the purif ier  for  the MSHE i s  not ex- 
pected t o  exceed 50 ppm, the l i f e  of a titanium charge should be s i x  months 
or longer with a helium flow of 6000 liters/day. 
commercial oxygen analyzer w a s  checked during the helium purif ier  experi- 
ment and was  deemed satisfactory a f t e r  modification by the manufacturer. 

Since the average 

The performance of a 

* 

. . 
, 

L 

c 

- 

The helium dryers were designed using the manufacturer's design pa- 
rameter, and performance checks were limited t o  an occasional check of 
the water concentration a t  the dryer outlet. 
bed would require regeneration after 30 days of operation w i t h  an in l e t  
moisture concentration of 50 ppm of H2O. Two dryers, instal led i n  par- 
a l l e l  fo r  alternate operation i n  the MSRE, provide fo r  the regeneration. 

We determined that the dryer 
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Fig. 21. Oxygen-Removal U n i t .  

While no reliable method for  the continuous detection of water i n  helium i s  
available a t  this time, some work is  continuing toward tha t  goal, and i n  
the meantime occasional checks w i l l  be made of the output of the purifi-  
cation section. The results of our t e s t s  indicate that the capacity and 
performance of the purification sections are m o r e  than adequate for use 
i n  the ERE. 

Sample r-Enriche r 

The major problem i n  the sampling and enriching of liquid-fuel re- 
actors is  the required penetration of the double containment. 
the system developed f o r  the ERE: uses a ser ies  of containment areas through 
which the sample moves after it is  isolated from the circulating stream. 
Figure 22 shows the component arrangement f o r  the sampler-enricher. Basi-  
cally, it is  a power-driven cable which lowers a s m a l l  bucket into the 
l iquid of the pump bowl. The cable then raises the bucket into a manipu- 
l a t o r  area for t ransfer  into a shielded container for transport t o  the 
analytical  chemistry hot cell .  Figure 23 shows a sample and an enriching 
capsule of the ty-pe tested. Prototypes of c r i t i ca l  components were as- 
sembled into a mockup of the sampler-enricher system, which w a s  used t o  
remove some 56 salt samples and t o  add 11 capsules of enriching salt t o  

I n  general, 
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a circulating loop. 
system operated reliably and safely. 
of the samples agreed within 1-1/25 w i t h  the results from samples taken 
w i t h  another proven method. These and other t e s t s  indicate that  there 
should be no major diff icul ty  w i t h  the use of these sampler systems i n  
the E R E .  

After some adjustments and minor alterations, the 
The results of the chemical analyses 

Engineering Test Loop 

The f ina l  area I would l i ke  t o  discuss concerns a collection of simu- 
lated MSRE components, the Engineering Test Loop, shown i n  Fig. 24. 
th i s  loop satisfactory performance of the freeze valves, level  indicators, 
sampler-enricher, frozen salt-graphite access joint, and gas-handling 
system w a s  demonstrated under simulated reactor operating conditions. 
method of gas purging and salt flushing the system t o  remove oxide before 
operations with fue l  was  demonstrated. A method w a s  demonstrated for  the 
removal of oxide from the salt by treating with HF and hydrogen i n  the 
drain tank. 

I n  

A 

The Engineering Test Loop was operated i n  excess of 15,400 
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Fig. 24. Engineering Test Loop. 
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hr  at 1200'F. The l a s t  7000 h r  of the t e s t  was conducted with LiF-BeF2- 
ZrFh-UF4 salt t o  t e s t  the sampler-enricher and t o  follow the inventory 
of uranium added t o  the loop. The uranium concentration was varied from 
0.1mole $ a t  the beginning of the period t o  about 0.7 mole $ a t  the end. 
The results of the chemical analyses agreed with the book inventory of 
the additions within the experimental uncertainties of 3%. 
graphite samples were removed periodically for  examinations, and no un- 
usual changes were noticed. 

Metal and 

- 
Summarv 

In  summary, the performance of the components tested has exceeded 
the requirements fo r  the *RE. 
tenance have been made easily replaceable. Finally, the components and 
systems have been shown t o  be compatible when operated as a loop. This 
experience leads us t o  believe that  the MSRF: should have a long and un- 
eventful l i f e .  

In  addition, the components needing main- 

REMOTE MAINTENANm OF TEE MSRE 
-/ 
+/ 

Robert Blumberg 

To be attractive as a power producer, t h i s  reactor must possess a 
measure of serviceability. 
enced not only the system design but also the ent i re  faci l i ty .  
requirement, stated simply, i s  that  a l l  the fuel-salt-carrying equipment 
and all other equipment that  may f a i l  i n  the reactor and the drain c e l l  
must be remotely replaceable. 

To t h i s  end the maintenance c r i t e r i a  inf'lu- 
The major 

Two structural types were considered. I n  the first, a large vessel 
with complex internals housed a l l  the important elements of the system, 
such as the core, pump, heat exchanger, etc. 
a large vessel closure and then working down, layer by layer, u n t i l  the 
fa i led element was reached. This was discarded i n  favor of i t s  counter- 
part, a system composed of a number of separate pieces of equipment joined 
by piping. 
the MSRE capable of being easily maintained: 

Maintenance involved opening 

This arrangement led t o  t h i s  set  of guides or rules t o  make 

1. 

2. 
3. 

4.  

The system should be composed of several separate units joined by 
suitable disconnects. 

Each unit should be accessible i n  the plan view of the reactor. 
Removal and replacement should be considered i n  the design of each 
unit. 

Maintenance equipment should be provided t o  handle the edpment  from 
above. 

. 

w 
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It was originally planned t o  maintain the.hRE with a bridge-mounted , remotely controlled, using television for  auxiliary viewing. 
r, because the MSRE was f i t t e d  into an existing building, there was 
ough head room for  this.  The system that  was adopted i s  a combina- 
f the' to ta l ly  remote and .the semidirect (long-handled) approaches. 

ination of techniques stems from experience gained i n  operating 
n-salt remote maintenance demonstration fac i l i ty1  and i n  main- 

Homogeneous Reactor Test (W). 

Schematically, the method of maintenance i s  as follows. For s m a l l  
es  of equipment such as heaters and valves, a portable maintenance 

shield, similar t o  the one developed for the HRT,2 i s  set  up over the 
ope'hing l e f t  by the removal of two adjacent shield blocks. 
tooits are inserted through the portable shield (Fig. 1) t o  disconnect a t -  
t acben t s  and lift the u n i t  out of the cell .  
by f>uilt-in windows and lighting and by periscopes inserted through the 
shikld. 

inv&Lve disconnecting attachments, displacing the uni t  t o  provide clear- 
anc$, and install ing a lift fixture. 
on 
cells. From there, using remotely controlled cranes and a variety of ac- 
ceshories, sufficient shielding i s  removed from the c e l l  roof t o  gain ac- 
cesg t o  the item t o  be handled. 
froq the cell ,  put it into the storage p i t ,  and replace the shielding 
blokks. 
and a pair  of portable television cameras. 

Long-handled 

Direct viewing i s  provided . 
* For large pieces of equipment, the portable shield and long- 
t hanped tools  are used t o  prepare the item f o r  a direct  lift. This may 

The rest of the procedure i s  carried 
personnel from inside a shielded control room which overlooks both 

The crane i s  then used t o  remove the item 

Viewing i s  provided by windows i n  the wall of the control room 

t 

I n  summary, the MSRE, from a maintenance viewpoint, i s  a collection 
of replaceable parts joined by disconnects. 
tained by long-handled tools inserted through a portable shield, and large 
parts w i l l  be prepared for removal with the long-handled tools and then 
removed by remote equipment. 
prise the equipment t o  be used; the shielding, the long-handled tools, and 
the remote equipment . 

Small  parts w i l l  be main- 

There are three general divisions tha t  com- 

Shielding 

The reactor and drain ce l l s  are shielded by two layers of concrete 
blocks. 
upper surface of the lower layer then becomes the working floor for the 
maintenance crew. The lower designed t o  meet various needs 
of remote maintenance. First, the blocks provides, as f a r  
as possible, a 2-ft modular g 
portable shield. 
cess t o  the major ccmrponents i n  
block are provided where necess 
moving the shield block. 
sockets, which allow them t o  be handled remotely. 

For maintenance, the top layer i s  taken out of the way, and the 

oincide with the 4-f t  opening of the 
Second, the blocks are laid out t o  allow convenient ac- 

cell .  Third, penetrations through the 
allowing access for tools without re- 

Finally, the blocks are equipped with pickup 

* The portable maintenance shield i s  a device which i s  se t  up over any hd 
4-ft opening i n  the shielding. 
the personnel who wi l l  inser t  long-handled tools through bushed holes. 

It provides 12 in. of s tee l  shielding for  

* - 
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Fig. 1. &RE Maintenance Shield. 
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For convenience, a t o t a l  of 17 holes are provided a t  strategic locations. 
A cabinat ion of l inear  and rotary motions provides coverage over the en- 
t i r e  4-f't opening. 
are passed through the shield by opening the joint  between two adjacent 
slabs of the portable shielding. A hole on the edge of one side of the 
joint  i s  provided so the handling tool can support the equipment while it 
is made ready fo r  removal. 
sl ide and can be operated f r a  the control rom. This permits evacuation 
of personnel when large openings are made i n  the shielding. 
and windows are provided as plug-in inser ts  i n  the shield slabs and can 
be moved as required. 
vided for areas where interferences of the building f a c i l i t i e s  exist. 

Larger pieces of equipment, such as heaters and valves, 

A motor provides the l inear  motion of the 

Floodlights 

Special cutouts and track sections have been pro- 

Long-Handled Tools 

Most of the in-cell operations w i l l  be done with long-handled tools. 
Sane typical examples are shown i n  Fig. 2. These tools have been made 
simple and sturdy, t o  the extent tha t  whenever a choice exis ts  between 
two designs, the factors of strength, re l iabi l i ty ,  and simplicity are 

Fig. 2. Lower Ends of Five Miscellaneous Long-Handled Tools. 
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considered more important than appearance, ease of operation, and versa- 
t i l i t y .  
complex ones. 
clean, store, and maintain and are l e s s  expensive t o  replace. 
eral, the tools consist of a pipe mast w i t h  rods or cables inside t o  ac- 
tuate movable par ts  a t  the working end. 
extensions of simple tools such as socket wrenches, hooks, clamps, or 
pliers. I n  sane cases, however, the basic character of the tool i s  masked 
i n  order t o  f'ulfill special requirements. An example of this i s  the ther- 
mocouple-disconnect tool. 
t ight  against a stop t o  give a solid grip on the disconnect handling bail. 
However, the alignment guides make the tool look somewhat more ccarrplex 
than a simple hook. 
ment tool. It provides both vertical  and horizontal motion fo r  proper 

The heart of this device i s  a scissors 
jack and a lead screw. 
tools . 

Experience has indicated that simple tools are more reliable than 
Also, when they become contaminated, they are easier t o  

I n  gen- 

I n  some cases, they are merely 

This i s  basically a hook tha t  can be drawn up 

An example of a more complex tool  i s  the pipe align- 

' positioning of mating flanges. 
mere are approximately 4.0 different long-handled 

The in-cell operations can be viewed through the lead glass windows 
i n  the portable shield (with or without binoculars) and also through a 
periscope which i s  inserted i n  the same manner as a long-handled tool. 
The periscope is  a commercially available, 1.625-in.-diam instrument with 
radiation-resistant optics and both right-angle and straight-down objec- 
t ive lenses. It i s  sheathed i n  a 2-in.-OD stainless s tee l  tube which 
protects it from contamination. Lighting i s  provided by special drop 
l igh ts  and built- in floodlights. I n  doing the maintenance, one individual 
observes the working end of the tool  down i n  the c e l l  with the scope and 
relays instructions t o  the tool  operator. A t h i r d  man w i l l ,  perhaps, ob- 
serve through the windows. 
high degree of skill i s  not as important as a good knowledge of the tools 
and the in-cell  equipment. 

Thus, the operation i s  a team ef for t  and a 

Remote Eqdpment 

or more), high radiation levels make the high bay area uninhabitable for  
personnel. 
for  semidirect maintenance, when the portable shield i s  spread apart t o  
pass a large piece of equipment, or when handling large ccarrponents such 
as the fuel  pump bowl, heat exchanger, drain l ine,  etc. 
times the reactor building is evacuated and the maintenance crew go into 
the shielded control room. 
ated from there i s  the 30-ton crane. 
consists of the following: 

When large openings are made i n  the c e l l  (two lower shield blocks 

This situation w i l l  occur when handling blocks i n  preparation 

During these 

The key piece of equipment tha t  will be oper- 
The equipment i n  the control room 

1. 

2. 

3. 

two shield windows fi l led with zinc bromide, located t o  permit direct  
viewing of the high bay, the reactor, and the drain cells,  

controls and monitors for  three closed-circuit television cameras, 

control boxes for  operating both the 10- and 30-ton bridge cranes, 
including a switch t o  rotate the 30-ton crane hook, 
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4. 

5. 

a weigh c e l l  readout indicating ( in  pounds) the load on the 30-ton 
crane, 

switches t o  operate the slide of the portable shield. 

Located outside the control room ( in  the high bay area) are a number 
of accessories t o  be used with the crane. 
ported so as t o  be available for  pickup by the crane hook. 

They are all se t  up or sup- 
These include: 

1. 

2. 

3. 

4. 

a shield-block support beam pickup device, 
two shield-block pickup tongs (one of which i s  shown i n  Fig. 3 )  
equipped with cam devices which alternately open and close the tongs, 

two portable camera stands with large handling bails, camera plat- 
forms, height adjustments, and heavy base plates for  stabil i ty,  
an assortment of lift fixtures t o  engage the crane hooks with the 
component t o  be handled. 

SHlEL .DING PLUG 

u 
. 
. 

8 

UNCLASSIFIED 
ORNL-LR-DWG 61!93 

HOOK 

Fig. 3. Remotely Operated Lifting Tongs for Shielding Plugs. 
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! 
A t  the present t i m e ,  control room operations are limited t o  what can 

be done with the crane and i t s  accessories. 
ar ises  i n  the differences between operating a crane remotely from the con- 
t r o l  room and operating it directly with a rigger crew. These differences 
are basically those of viewing, feel ,  and method of engaging the hook. 
Whereas a rigger crew wi l l  casually use slings, bars, shackles, etc., we 
have had t o  preplan a l l  operations i n  order t o  have a suitable handling 
b a i l  or socket available fo r  the crane. The restricted viewing and f ee l  
of the operator inside the control room are augmented by binoculars, tel-  
evision, and the weigh cell .  The crane controls feature extremely slow 
speeds. Further, specialized practice, familiarity with the equipment, 
and the elimination of speed and haste combine t o  make our capability ap- 
proach that  of ordinary crane usage. 

The complexity of the task 

The Development Effort 

Starting f r o m  the idea of u n i t  replacement and ending with a system 
capable of maintaining the MSRE required going through a series of activi- 
t i e s  which included design, development, testing, and the recording of in- 
formation. 
were identified. 
tools, operating procedures, and proven equipment. 

Development programs were  started as soonsas problem areas 
The end products of these programs were actual working 

Remote Operation of the 5-in. Freeze Flange 

One major objective was t o  establish the technique of making and 
breaking the five special flanges which connect the primary loop compo- 
nents. By use of a full-scale mockup, where the sight, space, and dis- 
tance restrictions were  similar t o  those of the reactor, tools and tech- 
niques were workeq out and refined. The o v e r U  procedure was separated 
as follows: 

1. 

2.. 
3.  

4.  
5. 
' a good seal. 

Six different tools are used t o  a c c q l i s h  t h i s  manipulation, which can 
be considered t o  be a Smau extrapolation of existing long-handled tool 
experience. 

driving the flange clamps onto and off of the flanges with a design 
load of 40 tons (Fig. 4 shows the tools i n  place i n  the mockup), 

storing the heavy clamp assembly on an in-cell  bracket, 

replacing a ring gasket without damaging i t s  sealing surface, 

covering the open piping t o  reduce the spread of contamination, 

making up the flanges with sufficient force and precision t o  assure 



197 
? 

P b 

Fig. 4. Remote Assembly of Freeze-Klange Clamps. 
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Remote Cutting and Brazing u. 
Besides the 5-in. piping of the primary system, the only other f’uel- 

carrying l ines  that we must be able t o  be disconnect are the 1-1/2-in. 
pipes which interconnect the drain tanks, flush tank, and reactor vessel. 
A method of remotely cutting these l ines  and brazing them back together 
again has been developed for  replacement of these components. The proce- 
dure is  t o  lower a positioning vise into the c e l l  onto a built- in plat-  
form. 
failed component may be removed. 
t o  the platform and facing the pipe i n  the vise, machines the outside of 
the pipe, producing the male member of the joint. The m a c e  assembly, 
complete with induction heating coils, inert-gas purge, water cooling, 
thermocouples, and insulation, i s  slipped over the male joint. 
placement component, with the female portion of the joint  and the end 
closure of the f’urnace, i s  lowered into place. A stationary vise then 
clamps onto the new piece. Figure 5 shows t h i s  part  of the procedure. 
The f’urnace i s  closed, operated, and, when the melting temperature of the 
braze metal i s  reached, the positioning vise forces the joint  together 
for  optimum configuration while the metallurgical bonding takes place. 
After pressure testing, the m a c e  and the machinery are taken out of 
the cell ,  and the heaters and insulation are reinstalled. Long-handled 

A pipe cutter, mounted on the vise, severs the pipe so tha t  the 
Next, a pipe-tapering device, bolted 

The re- 

Fig. 5. Joint and Furnace Ready fo r  Assembly. 
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tools ,  operated through the portable shield, are used t o  handle the ma- 
chinery described. The process and equipment are described more com- 
pletely i n  applicable sections of the MSRE design report and i n  the open 
l i t e r a t ~ r e . ~  
actor conditions, and all have successfully passed both destructive and 
nondestructive t e s t s  of the i r  integrity. This process i s  a step toward 
the ultimate goal of highly reliable, easily maintained nuclear systems. 
Furthermore, it gives the MSRE the bonus of start ing with an all-welded 
drain system. 

Many joints  have been produced th i s  way under simulated re- 

Miscellaneous Development 

Besides the above-mentioned problem areas, an effor t  was made t o  
unif’y the design of a l l  the equipment i n  the reactor that  had t o  be main- 
tained and t o  standardize it wherever possible. 

The basic procedures for maintenance were evolved as infomation be- 
came available on radiation levels, head room requirements, component 
layout, and costs. The reactor design i t s e l f  was continuously monitored 
t o  see that  it reflected the needs of maintenance. Items whose f’unction 
was principally maintenance were designed under the management of main- 
tenance engineers. These items included the reactor access stand pipe, 
the in-cel l  jacking and aligning equipment, the portable maintenance 
shield, the long-handledtools,and the lift fixtures. 
ing and demonstration was included i n  the construction schedule, and i s  
now part ia l ly  complete. The results of work i n  the drain ce l l  are very 
encouraging. ‘ 
the maintenance equipment and how it is  t o  be used a t  the MSRE. 

A program of t e s t -  

Finally, procedures are being prepared5 that  w i l l  describe 

Present Status 

The status of the maintenance effor t  i s  summarized below. The work 
remaining i s  noted i n  parentheses, and the percentages are approximate. 
We estimate that four months of effor t  remain for one engineer and one 
technician. 

Activity Percent 
Complete 

Developmental testing (set  up mockup of 98 

Writing procedures 50 
Monitoring reactor design and construction 85 

Design of long-handled tools 92 
85 

30 

graphite sample handling) 

(reactor c e l l  assembly) 

Fabrication and testing of long-handled tools 

Testing and demonstration a t  the reactor 
(reactor c e l l  components, freeze flanges, 
and graphite sampler) 
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Conclusions - 

From the beginning, the management of the MSRE considered the attain- 
ment of the maintenance objective important enough and d i f f icu l t  enough 
t o  warrant the investment of considerable time and effort .  As a result 
of this preparation, we look forward t o  power operation with confidence 
i n  our capability. This i s  based on the following points. 

' \  1. every effor t  was made during the design and detailing stages t o  re-' 
f l ec t  the needs of maintenance; '\ 

2. we are using simple, straightforward methods tha t  have been demon- A 
strated before; 

3. by the time the reactor goes t o  power, we w i l l  have tested working ' 

tools on actual reactor components; 

4. t e s t s  at  the s i t e  have shown tha t  the tools work well and tha t  we,can 
improvise solutions i n  unanticipated situations. < ,  

We believe, therefore, that  the MSRE can be maintained eff ic ient ly  
. ,  and safely with the equipment described. 

L >  
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R. B. Lindauer 

A fuel  processing f ac i l i t y  f o r  the MSRE i s  under construction, with 
The f ac i l i t y  w i l l  be located i n  completion scheduled for  February 1965. 

Building 7503 i n  a c e l l  adjacent t o  the drain tank c e l l  and wi l l  be op- 
erated from a separate panelboard i n  the high-bay area above the cell .  

The f ac i l i t y  has two functions. The first i s  t o  remove any oxide 
accumulation i n  the molten salt by sparging the s a l t  with a mixture of 
hydrogen and hydrogen fluoride. The second i s  t o  recover uranium from 
the molten s a l t  by sparging w i t h  fluorine and volatilizing the uranium 
as uranium hexafluoride. 
u n t i l  the program using the 3o$-enriched fuel  ends. 
the flush and fuel  salts wi l l  be fluorinated t o  remove the uranium of l o w  
enrichment. For the next phase of the program, 93-enriched uranium w i l l  
be added t o  the fuel  salt. 

This second function should not be required. 
A t  tha t  t i m e ,  both 

The f ac i l i t y  w i l l  handle 75-ft3 batches of salt ,  which i s  about the 
volume of blanket salt which would be processed daily i n  a 1000-Mw (elec- 
t r i c a l )  thermal breeder station on an 80-day cycle. The cost of the fa- 
c i l i t y  w i l l  be about $350,000. This appears t o  be considerably l e s s  than 
comparable costs fo r  large-scale, on-site processing plants which do not 
take advantage of the sharing of f a c i l i t i e s  with the reactor. 

Flowsheet Description: H2 -€IF Treatment 

Sal t  wi l l  be treated with H2-HF whenever it i s  suspected tha t  oxide 
contamination has occurred. 
i n i t i a l  flushing and shakedown operations and a f t e r  flushing i f  the system 
has been opened for maintenance. 
through a leak i n  the system or by di f f icu l t ies  with the helium blanket 
system. Since operation of the reactor at  power with a precipitate of 
zirconium oxide i s  not planned, processing w i l l  be required before the 
oxide solubili ty l i m i t  i s  exceeded. 
80 ppm of oxide. 
l i m i t  of 210 ppm of Be0 i n  flush salt may be exceeded. 

The flush salt w i l l  be treated a f t e r  the 

Fuel salt could become contaminated 

For fuel  salt, this l imit  i s  about 
During shakedown operations, however, the solubili ty 

A simplified flowsheet of the f ac i l i t y  i s  shown i n  Fig. 1. The fuel  
processing f ac i l i t y  i s  separated from the drain tanks by freeze valves. 
The fuel  or flush s a l t  i s  pressured by dry helium gas from the drain or 
the flush-salt tank t o  the fuel  storage tank, where processing takes 
place. If the salt i s  f'ully irradiated fuel  salt, a decay time of four 
days i s  required before transfer t o  allow for  xenon decay, since the fuel  
processing f ac i l i t y  i s  not vented through the large charcoal beds. If 
transfer of a f'ully irradiated fuel  batch i s  desirable before 26 days' 
decay, it wi l l  be necessary t o  cool the batch i n  the fuel storage tank. 
This can be done by circulating the c e l l  ventilation a i r  through a space 
around the tank. 
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SALT 200°F NaF ABSORBERS IN CUBICLE UNCLASSIFIED 
ORNL-DWG 63-3423AR 
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n 
\ II L 
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NEUTRALIZER 

- 
TO VENT 
SYSTEM U 

Fig. 1. MSRE Fuel Processing System. 

The salt w i l l  be sparged with a gas mixture of probably 10 volumes 
of hydrogen t o  1 volume of hydrogen fluoride a t  a t o t a l  gas flow rate  of 
100 liters/min. 
condition i n  the melt and thereby minimize corrosion. 
consisting of hydrogen, helium, water, and. excess hydrogen fluoride, 
passes through heated l ines  t o  a heated bed of sodium fluoride pellets. 
This bed w i l l  decontaminate the off-gas stream of volatilized corrosion 
and fission products. The gas stream then passes through the absorber 
cubicle, which is  i n  the high-bay area above the cell .  I n  this cubicle, 
the gas stream can ei ther  be sent through the absorber t r a i n  fo r  uranium 
recovery (as w i l l  be discussed l a t e r ) ,  or it can be sent directly back 
t o  the cell .  
next passes through a cold t rap where water and part  of the hyikogen f lu-  
oride are condensed. The oxide-removal ra te  i s  followed. by observing the 
automatic siphoning of the small pot below the baffled vapor separator. 
The siphoned liquid, as w e l l  as the off-gas stream, i s  then bubbled 
through a lC$ I(DH solution t o  neutralize the unreacted HF. Off-gas from 
the caustic scrubber i s  passed through two successive activated-charcoal 
canisters, where any )volatilized iodine w i l l  be removed, and. then through 
a flame arrester before entering the c e l l  ventilation duct. Air flow i n  
t h i s  duct w i l l  be kept well above the 100 cfm required t o  keep the hy- 
drogen content below the explosive l i m i t  of 4$. 
must be replaced af'ter about two days of processing. 
i s  je t ted t o  the l iquid waste tank, from which it i s  pumped t o  the Melton 
Valley intermediate-level waste tanks. 

The hydrogen i s  required i n  order t o  maintain a reducing 
The off-gas stream, 

For the hydrogen-hydrogen fluoride treatment, the gas stream 

The caustic solution 
The caustic solution 
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Flowsheet Description: Fluorination 

Since some f iss ion product volati l ization i s  expected during fluori-  
nation, the f i e 1  salt should be allowed t o  decay for  as long as the re- 
actor operating schedule w i l l  allow. Fission product volati l ization i s  
minimized also by operating a t  as l o w  a temperature as possible, about 
50 t o  100°F above the melting point or  around 900°F. The most important 
f ission products tha t  form volati le fluorides are iodine, tellurium, n i -  
obium, ruthenium, and antimony. 
volatilized f iss ion products are reduced t o  the metallic s ta te  and plate 
out on the equipment surfaces. 

Experience has shown that  most of the 

The molten salt i s  sparged with fluorine a t  a f l o w  rate of 100 
liters/min. 
uE4 i n  a salt "C" (0.9 mole '$ UFI , )  f i e 1  batch. 
of m6 w i l l  begin, and the fluorine disposal system w i l l  be put i n  opera- 
tion, although experience has shown that fluorine breakthrough will prob- 
ably not occur un t i l  lmole  of fluorine per mole of uranium has been added 
(about 4 hr a t  100 liters/min). The fluorine disposal system reacts SO2, 
preheated t o  NOOF, with preheated fluorine i n  a preheated reactor t o  form 
iner t  S02F2. When fluorine breakthrough occurs, as evidenced by an in- 
crease i n  the load on the preheater, the fluorine strem can be diluted 
with 50$ helium, since ut i l izat ion w i l l  be quite low by this time. 
rosion i s  expected t o  be high. 
corrosion averaged about 1/2 mil/hr i n  a nickel vessel. 
at  Battelle Memorial Inst i tute  indicate the corrosion of INOR-8 t o  be 
somewhat l e  s so 

About 2 h r  i s  required for  the conversion t o  UF5 of all the 
A t  t h i s  time, evolution 

Cor- 

Corrosion t e s t s  
I n  the Volatility Pi lot  Plant fluorinator, 

The off-gas from the fuel storage tank passes through the heated 
NaF bed, where considerable decontamination occurs both of volatilized 
f iss ion and corrosion products. 
ature sodium fluoride i n  a series of absorbers i n  the cubicle i n  the high- 
bay area, With salt "C" it wi l l  be necessary t o  stop the fluorination 
twice t o  replace the absorbers. The loading of the absorbers i s  followed 
by observing the temperature of the bed. 
around the absorbers, and the temperature should be kept below 300°F. A t  
t h i s  temperature the m6 has a vapor pressure of 0 . 1 m  over the W602NaF 
complex, and the uranium loss  would be 190 g, or slightly l e s s  than 0.1$. 
The loaded absorbers w i l l  be sent t o  the Volati l i ty Pilot  Plant for  de- 
sorption and cold trapping of the m6. 
of the unshielded absorbers should be l e s s  than 100 m/hr  and should pose 
no handling problem. 

The m6 i s  then absorbed by low-tenrper- 

The bed is  cooled by ais flow 

The radiation level a t  the surface 

The S02F2 from the fluorine disposal system passes through the caus- 
The excess SO2 and the SOzF2 wil l  be par t ia l ly  neutralized t i c  scrubber. 

by the caustic, and some f iss ion product removal wi l l  be achieved. A s  
mentioned before, the off-gas then passes through the charcoal. t rap be- 
fore passing through the absolute f i l t e r ,  the containment filters, and 
the stack. 

The heated l i ne  with a freeze valve i s  provided from the processing 
tank t o  outside the c e l l  for  removal of waste salt. This may not be 
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needed until operation of the MSm has been terminated. A t  the present 
t i m e  the exact method of removal has not been determined; the waste sal 
w i l l  e i ther  be transported i n  cans and buried, or w i l l  be stored i n  an 
underground tank a t  the reactor si te.  

Equipment De script  ion 

In general, the f i e l  processing system i s  designed f o r  direct  mi 

(1) the sodium fluoride t rap has been designed for  m o t e  replac 

tenance. 
processed, aqueous decontamination w i l l  be required. 
are: 
ment since plugging of this  unit during fluorination i s  possible; (2) 
two air-operated valves i n  the c e l l  can be remotely replaced; and (3) all 
heaters on l ines  and equipment i n  the c e l l  have duplicate spares installed. 
The roof plugs have been designed t o  permit use of the remote maintenance 
shield designed for  the reactor, and the t rap and valves are located u n e r  
these removable roof plugs. 

The fuel  storage tank i s  an INOR-8 vessel 50 in. i n  diameter an 
The height of the t a n k  has been increased 30 in. over 

The tank i s  heated by four se t s  of tubular heaters w h i c h  can 

If maintenance i s  required after irradiated fuel salt has been 
Exceptions t o  this 

116 in. high. 
height of the drain and flush tanks t o  minimize salt carry-over due t o  
sparging. 
be controlled independently. AI-in.  air  space i s  provided around the 
tank through which the c e l l  ventilation air can be diverted i f  necessary 
for  cooling of an irradiated f i e l  salt batch. 
i s  determined by weigh ce l l s  similar t o  those i n  the drain tanks. 

Sal t  inventory i n  the tank 

The sodium fluoride t rap is  a 20-in.-diam Inconel vessel, 14 in. 
high, designed t o  operate a t  750°F. 
on the outside and i n  a 4-in.-diam center pipe. 
outside of a cylindrical baffle and flows down through the bed and up 
the inside of the baffle. The bed i s  loaded with 70 kg of 1/8-in. right- 
circular cylinders of NaF. 
flanges which can be disconnected remotely, and it has remote disconnects 
for  the e lec t r ica l  leads and thermocouples. 

Tubular heaters are provided both 
The gas enters a t  the 

This vessel i s  instal led with ring-joint 

The sodium fluoride absorbers are constructed of carbon s t ee l  which 
i s  sufficiently resistant t o  fluorine a t  the temperatures involved and 
for  the short duration of operation. 
a f t e r  one use. The absorbers have a 14-in. OD with an internal cylin- 
dr ical  baffle similar t o  the NaF trap. 
of 6 t o  10 in. Each absorber is mounted i n  an open-top container with 
an a i r  distributor pipe a t  the bottom. 
outside of the absorbers and through a 2-in. center pipe. 
i s  provided near the gas in l e t  for  detecting m6 breakkhmugh from the 
preceding absorber and fo r  regulating cooling air .  

These absorbers w i l l  be discarded 

They can be loaded t o  a bed depth 

The cooling a i r  can flow up the 
A thermowell 

The caustic scrubber i s  a 42-in.-diam, 7-ft-high Inconel tank with 
a gas distributor. 
dissipate the heat from HF neutralization. \A steam jet transfers the 
solution t o  the l i q u d  waste tank. 

The tank has cooling-water coi ls  on the outside t o  

. 
c 

w* 

s 

I, 

* I 

. 

W 
* 

c 

* 



205 t 

ek, 

. 

E 

c 
t 

1 

The fluorine disposal system uses similar e lec t r ica l  preheaters fo r  
the SO2 and the fluorine streams. The SO2 heater i s  stainless steel; the 
fluorine heater i s  Monel. The heated streams are combined i n  the fluorine 
reactor, which i s  a 5-in. by 8-ft Monel pipe with a steam coi l  around the 
inlet half. 
started, the reaction i s  exothermic, and the steam then flxnctions as  a 
coolant t o  keep the temperature around 4.00°F. 

Some heat i s  required t o  initiate the reaction, but once 

The salt sampler will be used mainly t o  determine i f  salt i s  satis- 
factory fo r  return t o  the reactor a f t e r  processing. 
ment, the iron and HF content must be low. 
should verify that all the uranium has been removed. 
i lar  t o  the sampler-enricher f o r  the reactor and is  described i n  the 
chapter on "Component Development." 
of the sampler-enricher with s l ight  modifications and can be used fo r  the 
chemical plant because the containment and pressure requirements are con- 
siderably less severe. 

After H2-HF treat- 
After fluorination, the sample 

The sampler i s  sim- 

It i s  actually the original mockup 

P. N. Haubenreich 

Introduction 

Objectives 

The purpose of the Molten-Salt Reactor Experiment, stated broadly, 
i s  t o  demonstrate tha t  many of the desirable features of molten-salt re- 
actors can presently be embodied i n  a practical  reactor which can be o p  
erated safely and reliably and can be serviced without undue difficulty.  
The program which has been laid out f o r  the MSFE i s  intended t o  provide 
tha t  demonstration i n  a safe, efficient,  and conclusive manner. 

Although the complete success of the MSFE depends i n  par t  on the re- 
actor being able t o  operate fo r  long periods at  full power, the test  pro- 
gram recognizes tha t  the success of a reactor experiment i s  not measured 
solely i n  megawatt-days. The t e s t s  and the experiments are designed t o  
be penetrating and thorough, so that,  when the experiment i s  concluded, 
not only will reliable operation and reasonable maintenance have been 
demonstrated, but there w i l l  be as many conclusive answers as possible 
t o  the important questions pertaining t o  the practicabili ty of molten- 
salt reactors of t h i s  general type. b, 

4 

4 
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Areas t o  be Investigated : 

Chemistry and Materials. Some of the most important questions t o  
be answered by the MSRE have t o  do with the behavior and interactions 
of the fuel salt, the graphite, and the container material i n  the reactor 
environment. The major points t o  be investigated i n  t h i s  area are: 

1. fuel  s tabi l i ty ,  

2. 
3 .  graphite damage, 
4 .  xenon retention and removal, 

5. corrosion, and 

6. 

penetration of the graphite by the fuel  salt, 

behavior of corrosion pro5ucts and nonvolatile f iss ion products. 

During operation, the principal means of investigation w i l l  be reg- 
ular sampling and chemical analysis of the fuel  salt, analysis of the 
long-term reactivity behavior, and determination of the isotopic com- 
position of the xenon i n  the off-gas. Periodically, during shutdowns, 
specimens of graphite and of INOR will be removed from the core for ex- 
amination. 

Engineering. The MSRE incorporates some novel features and compo- 
nents which have been developed and designed specifically for  molten- 
salt reactors. 
items, permitting evaluation of ideas and principles which could be em- 
ployed i n  future reactors. 

The t e s t  program w i l l  obtain performance data on these 

The broad heading of engineering a l s o  covers the extensive startup 
program which must be devoted t o  the checkout, calibration, and prelimi- 
nary tes t ing of the many more o r  less conventional devices and systems 
i n  the MSRF:. 

Reactor physics. From the standpoint of reactor physics, the MSRF: 
core i s  unique, but i t s  nuclear design posed no serious problems. 
reason for  th i s  apparent paradox i s  the simplicity of the core, which 
makes simple spa t ia l  approximations valid. 
demands for  accuracy i n  the predictions of the design are not severe. 
This si tuation ar ises  because the fuel  i s  fluid,  permitting easy adjust- 
ment of the uranium loading, and eliminating hot spot problems associated 
with heat transfer from fue l  t o  core coolant. For these reasons, the de- 
sign did not employ extremely sophisticated calculational procedures, and 
there were no preliminary c r i t i c a l  experiments. Instead, the physics par t  
of the reactor t e s t  program is relied on t o  provide such accurate infor- 
mation on nuclear characteristics as may be required. 

One 

Another reason i s  tha t  the 

The program of reactor physics measurements begins with the experi- 
mental loading of uranium t o  a t ta in  c r i t i ca l i ty .  Following this ,  experi- 
ments w i l l  be conducted t o  determine whether the system is stable and 
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safe. 
w i l l  be made t o  f ac i l i t a t e  l a t e r  analysis of the reactivity behavior dur- 
ing power operation. 
things, the transient behavior of 135Xe. 
also be scrutinized for  anomalies which m i g h t  indicate changes i n  condi- 
tions within the core. 

Accurate measurements of rod worth and of reactivity coefficients 

This analysis w i l l  be concerned with, among other 
The reactivity behavior w i l l  

Phases of Program 

The tes t ing and experimental operation of the MSRE are subdivided 
into phases which must follow i n  a natural sequence. 

1. precr i t ica l  testing, 

2. i n i t i a l  c r i t i c a l  measurements, 

3 .  low-power measurements, and 

4. reactor capability investigations. 

They are: 

The precr i t ica l  tes t ing phase begins with part  of the train--ig of 
new operators; t h i s  consists of t he i r  checking the location of equipment 
and comparing the instal led piping against the flowsheets. A s  systems 
are completed, leak testing, purging, f i l l i ng ,  calibrating, and t e s t  op- 
eration are started. 
operation of the ent i re  reactor system, with flush salt i n  the fuel  sys- 
tem. 

The precr i t ica l  tes t ing culminates i n  shakedown 

I n  the i n i t i a l  c r i t i c a l  experiments, fuel  s a l t  w i l l  be loaded and 
enriched uranium w i l l  be added i n  increments t o  bring the concentration 
up t o  that  required for operation. During t h i s  phase, the control rods 
w i l l  be calibrated and fue l  concentration, temperature, and pressure co- 
eff ic ients  of reactivity w i l l  be measured. 
chemistry and corrosion w i l l  also be obtained during th i s  period. 

Baseline data on the fuel  

After the c r i t i c a l  experiments have been conducted a t  a few w a t t s  

ontrol system, t e s t s  of 
of nuclear power, the power w i l l  be raised t o  permit certain tes t s .  
w i l l  include t e s t s  of the nuclear power serv 
the automatic load control system, ca l ibra t i  of power indicators, and 
surveys of the biological shielding. 
2 Mw during t h i s  period. 

These 

The nuclear power w i l l  be less than 

Capability investigations consist of two parts: the f i r s t ,  a step- 
During the ap- wise approach t o  f u l l  power; second, extended operation. 

proach t o  full power, temperatures, radiation levels, and the nuclear 
power noise w i l l  be observed t o  determine whether any unforeseen condi- 
t ion  exis ts  which would r e s t r i c t  the attainable power level. 
operation w i l l  t e s t  the r e l i ab i l i t y  of equipment and long-term corrosion 
and f i ss ion  product behavior. Maintenance w i l l  be carried out as re- 
quired, and the reactor w i l l  be shut down periodically for  removal of 
samples from the core. 
the fuel  salt and operation with different fuel  salt compositions. 

Extended 

Long-range plans include chemical processing of 
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ANALYSIS GROUP 

Staff 

~ 

OPERATIONS GROUP 
ENGINEERING AND 

Organization 

When the MSRE begins operation, about 43 persons w i l l  be employed 
at the reactor site. This staff i s  organized, as shown i n  Fig. 1, t o  
perform the three primary functions: operations, analysis, and main- 
tenance. 

UNCLASSIFIED 
ORNL-DWG 64-9884 

SUPERINTENDENT 

8 
HEALTH PHYSICIST INDUSTRIAL HYGIENIST 

Fig, 1. Organization of MSRE Staff. 

Operations. A senior engineer, called the Operations Chief, i s  i n  
charge of the Operations Group and i s  responsible f o r  the training, quali- 
fication, and performance of the men who actually handle the controls of 
the reactor. Another engineer assists him i n  these duties and ailso serves 
as re l ie f  Shif t  Supervisor. 

basis. One 
engineer i s  the Shif t  Supervisor, who i s  responsible fo r  all operations 
i n  the reactor area while he is on duty. 
operate any part  of the reactor system or may direct  the technicians i n  
operations. A senior technician on each crew is  designated Control Room 
Supervisor. He i s  the person who ordinarily operates the reactivity and 
load controls and maintains the control room log. The other two techni- 
cians attend t o  the operation of the auxiliary systems and t o  the manual 
collection of data. 

There are four crews tha t  operate the reactor on a rotating shif t  
Each crew consists of two engineers and three technicians. 

The other Shif t  Engineer may 

Two additional technicians are assigned t o  the day sh i f t ,  t o  take 
samples and t o  assist i n  special operations. 
re l ie f  fo r  s h i f t  technicians who are sick or  on vacation. 

They may also serve as 

The organization of the Operations Group is  shown i n  Fig. 2. A l l  
the personnel shown are members of the MSRE Operations Department of the 
ORKC, Reactor Division. 
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CREW B 

SHIFT SUPERVISOR 
SHIFT ENGINEER 

CR SUPERVISOR 
TECHNICIAN 
TECHNICIAN 

UNCLASSIFIED 
ORN L- DWG 64-9885 

EERATIONS CHIEF I 
I I 

ASSISTANT CHIEF 
TECHNICIAN 
TECH N IC1 AN 

CREW C I 
SHIFT SUPERVISOR 
SHIFT ENGINEER 

CR SUPERVISOR 
TECHNIC I AN 

A CREW D 

SHIFT SUPERVISOR 
SHIFT ENGINEER 

CR SUPERVISOR 
TECHN IC1 AN 

Fig. 2. Organization of Operations Group. 

During the f irst  several months of operation, while the reactor equip- 
ment and systems are being s tar ted and checked, each crew w i l l  have crafts-  
men attached t o  it t o  make any adjustments or minor repairs which may be 
required. A pipefi t ter ,  an electrician,  and an instrument mechanic may 
be required on each s h i f t  at  f i r s t .  

Analysis. The group which is  assigned t o  the analysis of the MsIiE op- 
eration is  represented i n  Fig. 3 .  
mechanical analysis are from the E R E  Operations Department of the Reactor 
Division. This group w i l l  also include loanees from Euratom (not shown). 
The other personnel are from the Reactor Chemistry, Metals and Ceramics, 
Chemical Technology, and Instrumentation and Controls Divisions. 

The personnel assigned t o  nuclear and 

ANI 

I 
NUCLEAR AND MECHANICAL 

GROUP LEADER 
ENGINEER 
ENGINEER 

TECHNICIAN 

(SIS 

UNCLASSIFIED 
OANL-DWG 64-9886 

CHEMISTRY CHEMICAL PROCESS 

TECHNICIAN 

METALLURGIST 

Fig. 3.  Organization of Analysis Group. 
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Analysis personnel plan the experiments required in each field, 
prepare detailed procedures, and monitor and participate in the execution 
of the experiments. 
report the findings. An experienced computer programmer who participated 
in the initial programming of the on-line computer works with the other 
analysis personnel in collecting and reducing data. 

They then digest and evaluate the information and 

Maintenance. The maintenance function includes semiremote mainte- 
nance of equipment in high radiation fields, normal maintenance of other 
equipment, design work associated with modifications, and procurement of 
parts and supplies. The personnel permanently assigned to this function 
are indicated in Fig. 4 .  
the Plant and Equipment engineer are from those respective ORNL divisions; 
the others are from the Reactor Division. Pipefitters, electricians, mill- 
wrights, riggers, and instrument mechanics will be assigned from the ORNL 
service organizations as required. 
reactor site will fluctuate, depending on the status of the reactor. 
When remote maintenance work is undertaken, specialists in this field will 
be called in from the Development Department of the Reactor Division. 

The Instrumentation and Controls engineer and 

The number of such craftsmen at the 

UNCLASSIFIED 
ORNL-DWG 64-9887 

ENGINEERING AND 
MAINTENANCE 

I 

"DUAL CAPACITY 
ENGINEER" 

l - l  DESIGN LIAISON 

ENGINEER u 
I 

INSTRUMENTS AND CONTROLS 

ENGINEER 

I PLANNING AND PROCUREMENT I 
ENGINEER * 

TECHNICIAN 
TECHNICIAN 

I PLANT AND EOUIPMENT I 
ENGINEER I 

Fig. 4. Organization of Engineering and Maintenance Group. 

Other Staff Members. Because the MSRE is an experiment, the operat- 
ing conditions may be changed - within limits - and new phases may be 
added to the program, when analysis shows such changes and additions to 
be desirable. 
combined in an efficient manner and that the operations group be supplied 
with up-to-date instructions. 
(who a lso  spends part of his time as a member of the nuclear and mechanical 
anwsis group). = 

This flexibility requires that the various experiments be 

This is the function of the coordinator w 
. 
c . 
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The operation and maintenance of the MSHE w i l l  be carefully monitored 
t o  avoid overexposure of personnel t o  direct  radiation, radioactive con- 
tamination, o r  ingestion of beryllium. This w i l l  involve area monitoring, 
area surveys, and personnelmonitoring. The Health Physics Division w i l l  
monitor the radiation exposure and contamination; the Industrial  Hygiene 
Department w i l l  monitor for  beryllium. 
wi l l  work closely with the MSRF: staff as indicated on the organization 
chart, Fig. 1. 

Representatives of these groups 

Q.ualif ication and TraininR 

The collective background of the MSHE s ta f f  includes many years of 
experience i n  reactor development, design, and operation. Six of the 
senior personnel participated i n  the operation of the Homogeneous Reactor 
Experiment No. 2, with duties similar t o  t he i r  present assignments, and 
s i x  are graduates of ORSORT. 

All the senior technical personnel were involved i n  the design and 

Their experience and special knowledge of the MSHE systems 
development of the MSRE f o r  two t o  four years before joining the Operations 
Department. 
were put t o  use i n  the preparation of the operating procedures and other 
parts of the Design and Operations Report, i n  the writing of test proce- 
dures, and i n  the operator training program. 

All the operating group, both engineers and technicians, were given 
an intensive two-week training program covering the theory, design, and 
layout of the ent i re  reactor system. 
detailed checking of the instal la t ion against flowsheets and drawings. 
This job thoroughly familiarized the operators with the physical layout 
of the MSRE. V i s i t s  t o  the ORR and t o  the molten-salt Engineering Test 
Loop were arranged i n  order t o  enable the operators t o  observe and par- 
t ic ipate  i n  reactor operation and molten-salt sampling and transferring. 
One important purpose of the flush-salt operation i s  t o  give the operators 
experience i n  every phase of the operation except the nuclear and heat- 
removal. aspects, which wi l l  be simulated insofar as possible. 

On-the-job training then began with 

A t  the conclusion of the precr i t ica l  testing, there w i l l  be another 

The operators will then be examined t o  ensure tha t  
period of intensive instruction, with special emphasis on nuclear experi- 
ments and operation. 
they are thoroughly prepared and qualified t o  operate the MSRE safely and 
efficiently. 

Use of Computer 

An unusual feature of t operation w i l l  be the use of a high- 
speed d ig i t a l  computer, instal led i n  the reactor building and directly 
connected t o  the reactor by sensing elements. 

The Bunker-Ram0 model 340 computer which w i l l  be instal led uses 28- 
b i t  words, with 12,288 words i n  a magnetic core memory and 28,672 words 
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i n  a magnetic d m  memory. 
tions and completes typical programs at  a ra te  of over 70,000 operations/ 
sec. 

It i s  designed for  computer control applica- 

I n  the MSRF, application, the computer w i l l  not exercise any direct 
control, and the reactor can be operated with the computer out of service. 
The functions of the computer include collecting and displaying data and 
performing on-line calculations f o r  immediate and long-range purposes. 

Computer Functions 

A t o t a l  of 273 signals from the reactor system are connected t o  the 
computer. 
f l o w  rates, l iquid levels, weights, fluxes, radiation levels, and control 
rod and rad ia tor  door positions. A l l  of these are normally scanned once 
every 5 sec. Flux signals are repeated i n  the scan sequence so tha t  the 
nuclear power is read once every 0.2 sec. A t o t a l  of about 200 alarm 
points are entered i n  the computer, and any signal going beyond these 
limits produces an audible alarm and a printout on an alarm typewriter 
i n  the reactor control room. 
limits, the scanning is switched to a l i s t  of 64 selected variables, which 
i s  recorded on a magnetic tape once every 0.25 sec. 
t i re  l is t  of readings i s  stored on magnetic tape. 
storage i s  the retention of data for  future analysis. 
tape are identified by point and time, so that  they can be retrieved for  
use i n  tabulations, plots, o r  calculations. 

O f  these, 177 are temperatures; the remainder include pressures, 

If any of 24 important variables go out of 

Every 10 min the en- 
The purpose of t h i s  

All data on the 

The s ta tus  of the reactor system and an up-to-date record of i t s  op- 
erating history are typed out routinely by the computer on a preprinted 
sheet which is  changed once a day. Fifty-four signals are typed once an 
hour, 186 signals are entered at 8-hr intervals, and 2 l  items, including 
calculated quantities, are entered on a daily report section of the sheet. 
Also on the preprinted sheet are the results of routine heat balances, 
taken at  4-hr intervals, and salt inventories, taken once each 8-hr shif t .  
A reactivity balance, which w i l l  be described la te r ,  is  typed out once an 
hour. 

Most of the scheduled calculations can be in i t ia ted  at any time by 
entering a simple demand signal through the computer console. 
of these calculations are typed out on another typewriter. 

Results 

The Reactivity Balance 

The reactivity balance is  an important part  of the analysis of the 
core behavior. Briefly, it consists of calculating the cumulative changes 
i n  reactivity produced by changes i n  fuel-uranium concentration, concen- 
t ra t ions of 135Xe and other f iss ion products i n  the core, core tempera- 
tures, and control rod positions. 
power levels are moderate, it w i l l  be assumed tha t  there are no unforeseen 
mechanisms at work i n  the core, and the balance w i l l  be used t o  measure 
the reactivity which must be ascribed t o  xenon t o  make the net equal zero. 

A t  the beginning of operation, when 
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Analysis of the transient behavior of this  apparent xenon effect  w i l l  be 
used t o  help determine values f o r  parameters affecting the xenon retention 
and removal. These quantities w i l l  then be put into a program which pre- 
dicts  xenon poisoning from the power history. After an adequate descrip- 
t ion  of the 135Xe behavior becomes available, the reactivity balance w i l l  
be used t o  detect anomalous developments. The reactivity balance is per- 
formed routinely every 5 min and is typed out once an hour. 
be computed and printed out on demand. 

It may also 

Schedule 

Completion Dates 

The assembly f the MSm staff at  the reactor s i t e  was completed at  
the first of July. (Most of the engineers had already been there fo r  one 
t o  two months, working on the operating procedures and preparing training 
lectures.) 
ing program. Following this,  the operating crews began detailed checking 
of the instal led piping and equipment, while continuing t o  receive class- 
room instruction. 
also made at t h i s  time. 

The first two weeks i n  July were devoted t o  the i n i t i a l  t ra in-  

V i s i t s  t o  the ORR and the Engineering Test Loop were 

The program of tes t ing and calibration w i l l  be completed i n  the f a l l  
of 1964, and operation of the ent i re  system ( w i t h  f lush salt)  w i l l  begin. 
After the system has been shown t o  operate satisfactorily,  it w i l l  be 
shut down, and f i n a l  preparations w i l l  be made for  nuclear operation. 
Fuel car r ie r  salt will be charged into the reactor, and uranium w i l l  be 
added i n  the c r i t i c a l  experiments. 
spring, 1965, and f u l l  power be attained during the summer of 1965. 

These experiments should begin i n  early 

Uranium Content 

The uranium used i n  the i n i t i a l  operation w i l l  contain only about 
405 235U. This i s  t o  be used instead of highly enriched material so tha t  
the t o t a l  uranium concentration w i l l  be high enough t o  provide a large 
tolerance f o r  UF3. (If fluorine were l o s t  fromthe fuel, UF3 would be 
formed, and i f  the UF3/UF4 r a t io  got high enough, uranium might precip- 
itate. ) Experimental operation with the original fue l  composition may 
last  fo r  about a year. If  fl ine loss proves t o  be low, as expected, 
it i s  proposed t o  then s t r i p  the uranium from the salt (by fluorination 

he storage tank) and add highly enriche 
r t o t a l  uranium concentration woul rhaps another year. A 

anium. Operation with the 

year's operation with fue l  of a th i rd  - is  contemplated. 
t o  t ha t  which might be used i n  a breeder reactor. We have not made plans 
for operation of the reactor beyond t point. Favorable experience and 
acceptance of molten-salt reactors as omising power breeders would prob- 
ably lead t o  modification of parts of the plant and continuance of experi- 

osit ion - one containing thorium 
This would provide more experience with s a t  similar 

ments important t o  the development of breeder reactors. dd 
c 
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CHEMICAL BASIS FOR MOLTEN-SALT REACTORS 
\ -----hw**&-p 

W. R. Grimes 

Introduction 

Nuclear reactors with liquid fuel and blanket systems have, in 
principle, advantages and disadvantages in comparison with more conven- 
tional reactor types. Ease in reactor control, ease of preparation of 
fuel and blanket, and the possibility of continuous side-stream process- 
ing of fuel and blanket are probably the most important advantages. Of 
the disadvantages, the increase in inventory imposed by the external 
circuitry and the necessity to achieve and to maintain the integrity of 
the complex and radioactive plumbing are the most obvious. 

Molten-salt mixtures are versatile; they can serve as fuels, blan- 
kets, and coolants. 
pressure and at usefully high temperature, can be provided. 
reactors can compete in the power market with other types depends upon 
the extent to which designers can optimize the advantages and minimize 
the disadvantages of each type. The intrinsic merit of the materials 
that must be used will, finally, control the extent to which such optimi- 
zation can be accomplished. For liquid-fueled reactors such control will 
almost certainly lie in the nuclear properties and the chemical behavior 
of the materials. The thermodynamic behavior of molten-salt systems for 
use in nuclear reactors, with special emphasis on those for use in MSm, 
is surveyed briefly in the following. 

With them a family of reactors, operating at low 
Whether such 

General Requirements for the Fluids’ 

Molten-salt reactors cannot be operated at all unless the minimum- 
though stringent -‘demands that the reactor makes upon its fluid fuel can 
be met. The fuel must dis- 
solve more than the critical concentration of fissionable material at 
temperatures safely below the temperature of exit from the heat exchanger. 
The fuel must consist of elements of low (and preferably very low) capture 
cross section for neutrons of the energy spectrum typical of the chosen 
design. 
must be low over the temperature range proposed for operation. 
mixture must possess heat transfer and hydrodynamic properties adequate 
for its service as a heat-exchange fluid. It must be relatively non- 
aggressive toward some (otherwise suitable) material of construction, 
presumably a metal, and toward some suitable moderator material. The 
fuel must be stable toward reactor radiation, must be able to survive 
fission of the uranium (or other fissionable material), and must tolerate 
fission product accymulation without serious deterioration of its useful 
properties. 

These m i n i m u m  demands include the following. 

The mixture must be thermally stable, and its vapor pressure 
The fuel 
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If molten-salt reactors are t o  be competiti , we must add t o  th i s  
essive l ist  the requirement of genuinely low fue l  cycle cost; this 

clearly presupposes a cheap fuel  and an effective turnaround and reuse 
of the unburned fissionable material, or  an effective and economical 
decontamination and reprocessing scheme. 

Blankets and coolants face requirements which differ  i n  obvious 
s. The radiation intensity i n  the blanket-will be considerably l e s s  - 

i% the coolant markedly l e s s  - than tha t  i n  the fuel. Efficiency of the 
blanket as a heat transfer f lu id  may be relat ively unimportant; but a 
h$gh concentration of fer t i le  isotope i s  essential, and an effective re- 

1 i s  l ikely t o  be v i t a l .  

Choice of Sa l t  Composition 

The compounds which are desirable constituents of fuels fo r  thermal 
eeders are  those that can be prepared from beryllium, bismuth, boron-11, 

carbon, deuterium, fluorine, l i thium-'7,  nitrogen-15, oxygen, and the 
fissionable and f e r t i l e  isotopes. For an epithermal reactor t h i s  l i s t  
can probably be augmented somewhat, and a thermal reactor intended t o  
'hrn 235U and t o  obtain a modest conversion of 232Th t o  233U might use 
(as diluents) the compounds prepared from the elements l i s t e d  i n  Table 1. 

O f  the known compounds containing useful concentrations of hydrogen 
(or deuterium), only the hydroxides of the alkali metals, the saline 
hydrides of lithium and calcium, and certain i n t e r s t i t i a l  hydrides (e.g., 
zirconium hydride) show adequate thermal s t ab i l i t y  i n  the 1000 t o  1300'F 
temperature range. [Acid fluorides (e.g., KHF2) might be permissible i n  
low concentrations a t  lower temperatures.] The hydrides are very strong 
reducing agents and are most unlikely t o  be usef'ul components of any 
uraniferous l iquid fuel system. Alkali hydroxides dissolve extremely 
small quantities of uranium compounds at  useful reactor temperatures and 
are very corrosive at  such temperatures t o  vir tual ly  a l lusefUlmetals .  
mdrogen-rich compounds, which might provide self-moderation t o  molten 
fuels, do not seem capable of use as Fuels or  coolants. 

The nonmetals carbon, nitrogen, si l icon, sulfur, phosphorus, and 
oxygen each form only high melting and generally unsuitable binary com- 
pounds with the metals of Table 1. From these nonmetals, however, a 
wide variety of oxygenated anions are  available. Nitrates, n i t r i t e s ,  
sulfates,  and su l f i t e s  can generally be dismissed as lacking adequate 
thermal s tab i l i ty ,  and s i l i ca t e s  as having undesirably high viscosit ies.  
Phosphates, borates, and carbonates are not so easy t o  dismiss without 
study, and phosphates have, i n  fact ,  received some attention. The 
several problems of thermal s tabi l i ty ,  corrosion, solubi l i ty  of uranium 
and thorium compounds, and, especially, radiation s t ab i l i t y  would seem 
t o  make the i r  use doubtful. 
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Table 1. Elements or Isotopes Which May Be 
Tolerable i n  High-Temperature 

Reactor Fuels 

Material Absorption Cross Section 
(barns) 

Nitrogen-15 
Ovgen 
Deuterium 
Carbon 
Fluorine 
Beryllium 
Bismuth 
Lithium-7 
Boron-11 
Magnesium 
Silicon 
Lead 
Zirconium 
Phosphorus 
Aluminum 
Eydrogen 
Calcium 
Sulm 
sodium 
Chlorine-37 
Tin 
Cerium 
Rubidium 
Zinc 
Niobium 
Strontium 
Bar ium 
Y t t r i u m  
Nitrogen 
Pot as sium 

0.000024 
0.0002 
0.00057 
0.0033 
0.009 
0.010 
0.032 
0.033 
0.05 
0.063 
0.13 
0.17 
0.18 
0.21 
0.23 
0.33 
0.43 
0.49 
0.53 
0.56 
0.6 
0.7 
0.7 
1.06 
1.1 
1.16 
1.17 
1.27 
1.88 
1.97 
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If the oxygenated anions are eliminated, only fluorides and chlo- 
rides remain. Chlorides offer mixtures that are, i n  general, lower 
melting than fluorides; i n  addition, U C l 3  i s  probably more stable than 
UF3 with respect t o  the analogous tetravalent compounds. For thermal 
reactors, fluorides appear much more suitable fo r  reasons which include 
(1) usefulness of the element without isotope separation, (2) bet ter  
neutron economy, (3) higher chemical s tabi l i ty ,  ( 4 )  lower vapor pressure, 
and ( 5 )  higher specific heat per uni t  w e i g h t  o r  volume. 

Fluoride mixtures are, accordingly, preferred as fuel, blanket, and 
coolant mixtures fo r  thermal reactors. The fluoride ion i s  insufficient 
t o  moderate the neutrons i n  cores of reasonable size; additional moderator 
is, accordingly, required. The fluoride ion, however, moderates too well 
t o  permit i t s  use i n  genuinely fast reactors. In  such reactors chloride 
mixtures, using 35Cl, w i l l  certainly be preferred. 

Choice of Active Material 

Uranium Floride. Uranium hexafluoride is  a highly volat i le  compound 
clearly unsuited as a component of high-temperature l iquids.  
pound UO2F2, though relatively nonvolatile, i s  a strong oxidant which 
should prove very d i f f i cu l t  t o  contain. Fluorides of pentavalent uranium 
(UF5, U2F9, e tc . )  are not thermally stable and should prove prohibitively 
corrosive i f  they could be stabil ized i n  solution. 

The com- 

Uranium tetrafluoride i s  a re la t ively stable, nonvolatile, and non- 
hygroscopic material, which i s  readily prepared i n  high purity. 
a t  1036'C, but th i s  very high freezing point i s  markedly depressed by 
several useful diluent fluorides. m e ,  crystal l ine uranium t r i f luor ide  
i s  stable, under ine r t  atmospheres, t o  temperatures above lOOO'C, but it 
disproportionates at higher temperatures by the reaction 

It melts 

4uF3 3uF4 + vo 0 (1 1 
Uranium t r i f luor ide  is  appreciably less stable i n  molten fluoride solu- 
t ions than i n  the crystal l ine s ta te .  It is  tolerable i n  reactor fuels  
only insofar as the equilibrium ac t iv i ty  of $ which resul ts  i s  suffi-  
ciently low t o  avoid reaction w i t h  the moderator graphite o r  alloying 
with the container metal. Appreciable concentrations of UF3 (see below) 
are tolerable i n  LiF-BeF2 mixtures such as those proposed fo r  MSRE. 
general, however, uranium tetrafluoride must be the major uraniferous 
compound i n  the fuel.  

In  

Thorium Fluoride. All the  normal compounds of thorium are quadri- 
valent; ThF4 (melting a t  1115'C) must be used i n  any thorium-bearing 
fluoride m e l t .  

Choice of Fluoride Mluents 

The fuel  system f o r  thermal reactors of the types given most atten- 
t ion  t o  date will require l o w  concentrations (0.2 t o  2 mole $) of uranium. 
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The properties (especially the melting temperature) of such fuels will. be 
controlled by the composition of the diluent mixture. Blanket mixtures 
(and perhaps fuel systems for one-region converters or breeders) will 
require considerable concentrations of high-melting ThF4. These fluids 
must, if they are to be compatible with the temperature requirements of 
large steam turbines and are to retain a reasonable margin of safety be- 
tween the minimum reactor operating temperature and the freezing point 
of the fuel, be completely molten at 975’F (525OC). 
diluent fluoride system must be low melting and must be capable of large 
depressions of the freezing points of the active fluorides. 

It is clear that the 

Simple consideration of the nuclear properties leads one to prefer 
as diluents the fluorides of Be, Bi, 7Li, Mg, Pb, Zr, Ca, Na, Sn, and Zn 
(in that order). 
of diluent fluorides toward reduction by common structuralmetals, how- 
ever, serve to eliminate BiF3, BF2, SnF2, and ZnF2 from consideration. 

Equally simple considerations (Table 2) of the stability 

No single fluoride c m  serve as a useful diluent for the active 
fluoride. 
point is close to the required level; this compound is too viscous for 
use in the  pure state. 

The compound BeF2 is the only stable one listed whose melting 

The very stable and high melting fluorides of the alkaline earths 

Mixtures containing about 10 mole ’$ of alkaline 
and of yttrium and cerium do not seem to be useful major constituents of 
low-melting mixtures. 
earth fluoride with BeF2 melt below 5OO0C, but the viscosity of such 
melts is almost certainly too high for serious consideration. 

Some of the possible combinations of alkali fluorides have suitable 
freezing points. 
mixtures with 40 mole ’$ LiF and 60 mole ’$ RbF melt at 47OOC. 
systems LiF-NaF-KF (see Fig. 1) and LiF-NaF-RbF have lower melting regions 
than do these binaries. 
trations up to several mole ’$ at temperatures below 525OC. They might 
well prove useful as reactor fuels if no mixtures with more attractive 
properties were available. 

Equimolar mixtures of LiF and KF melt at 49OoC, and 
The ternary 

All these systems will dissolve UF4 at concen- 

~ 

Mixtures with useful melting points over relatively wide ranges of 
composition are available if ZrF4 is a component of the system. 
relationships in the NaF-ZrF4 system (Fig. 2) show low melting pints over 
the interval 4.0 to 55 mole ’$ ZrF4. 
served as fuel for the Aircraft Reactor Experiment. 
of this ternary system is shown as Fig. 3. 

Phase 

A mixture of UF4 with N a F  and ZrF4 
The phase diagram3 

The compounds ZrF4 and UF4 have very similar unit cell parameters 
and are isomorphous. They form a continuous series of solid solutions 
with a minim melting point of 765OC for the solution containing 23 
mole ’$ UF4. 
penetrates the ternary diagram to about the 45 mole ’$ NaF composition. 
A continuous series of solid solutions without a maximum or a minimum 
exists between a3NaPoUF4 and 3NaPaZrF4; in this solution series the tem- 
perature drops sharply with decreasing ZrF4 concentration. 

This minimum is responsible for a broad, shallow trough which 

A continuous 
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Table 2. Properties of Fluorides for Use in 
=&-Temperature Reactors 

Free Melting Absorption Cross 
of Formation Sectiona for 

point Thermal Neutrons at 1000°K 
(kcal/F atom) ("C 1 (barns) 

Compound 

Structural metal 

CrF2 
FeF2 
NiF2 

fluorides 

Diluent fluorides 

-74 1100 3.1 
-66.5 930 2.5 
-58 1330 4.6 

-125 1330 0.43 

1.17 
1.16 

LiF -125 870 0. 033b CQ2 
~~~ 

-124 1280 
1400 

-118 1324 0.7 
B@2 
SrF2 -123 

-113 
-112 

1270 
790 

-113 1144 1.27 
0.063 
0.70 

-112 1000 0.53 
-109 880 1.97 
-104 545 
-94 912 
-90 1040 0.23 

0.010 
0.180 

KF 
BeF2 
D F 4  
A 1  -- 2 
znF9 -71 872 1.06 

0.6 213 -62 
-62 850 0.17 
-50 '727 0.032 

L -~ 

s*2 
PbF2 
BiF3 

Active fluorides 
-101 1115 

1035 
uF3 -100.4 149 5 
m 4  
uF4 -95.3 

a0f metallic ion. 
bCross section for 7 ~ i .  
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ZrF4 (mole '7'') 

Fig. 2. The System NaF-ZrFq. 

I 

solid-solution series without a maximum or  a minimum also exists between 
the isomorphous congruent compounds 7NaF*6UF4 and 7NaF.6ZrF4; the l iquidus 
decreases with increasing ZrF4 content. The liquidus surface over the 
area below 8 mole $ UF4 and between 60 and 40 mole $J NaF is relatively 
flat. 

choosing mixtures with minimum ZrF4 content in this composition range. 

The lowest-melting binary systems of the usable diluent fluorides 
are those containing BeF2 with NaF (Fig. 4 )  or LiF. 
LiF-NaF-BeF2 has been examined in some detail, but it seems to have no 

cross section of the diluents (and 7Li ranks very high), fuels based on 
the LiF-BeF2 diluent system have been chosen for MSm. 

The binary system LiF-BeF2 has melting points below 50OOC over the 
concentration range from 33 to 80 mole $J BeF2. 
LiF-BeF2 system diagram, presented in Fig. 5, is characterized by a 
single eutectic4 between BeF2 and 2LiF*BeF2 that freezes at 356OC and 

I 

I *  
I 

9 

All fuel compositions within this region have acceptable melting ' 8  

I points. Minor advantages in physical and thermal properties accrue from 

I 
i 
i (The ternary system 

I important advantage over either binary.) Since beryllium offers the best 
i I 
I 
I 
i 

The presently accepted I 

i 
i u  
' *  
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Fig. 3. The System NaF-ZrFq-UFc,. 
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a 

contains 52 mole '$ BeF2. 
LiF and liquid at 460°C; LiFoBeF2 is formed by the reaction of solid BeF2 
and solid 2LiF aBeF2 below 274°C. 

The compound 2LiF-BeF2 melts incongruently to 

LiF-BeF2 Systems with Active Fluorides 

The phase diagram of the BeF2-UF4 system (Fig. 6) shows a single 
eutectic containing very little UF4. 
shows three compounds, none of which melts congruently and one of which 
shows a low temperature limit of stability. 
4LiFoUF4 and YLiF*6UF4 occurs at 27 mole $ UF4 and melts at 490°C. The 
ternary system5 LiF-BeF2-UF4, of primary importance in reactor fbels, is 
shown as Fig. 8. The system shows two eutectics. These are at 1 mole '$ 
UF4 m d  52 mole $ BeF2 and at 8 mole '$ UF4 and 26 mole '$ BeF2; they melt 
at 350 and 435°C respectively. Moreover, the system shows a very wide 
range of compositions melting below 525°C. 

That of the LiF-UF4 system (Fig. 7) 

The eutectic mixture of 

The system BeF2-ThF4 is very similar to the analogous UF4 system. 
The LiF-ThF4 system (Fig. 9 )  contains four compounds. 
3LiF*ThF4 melts congruently at 580°C and forms eutectics at 5'70°C and 22 
mole $ ThF4 and 560°C and 29 mole $ ThF4 with LiF and with 7LiFsGThF4 
respectively. 
incongruently at 595 and 890°C. 
Fig. lo) shows only a single eutectic6 with the composition 47.0 mole $ 
LiF and 1.5 mole $I ThF4 melting at 356OC. 
due to the phase fields of LiF-2ThF4, 3LiF-ThF4, and 4LiFeUF4, the sys- 
tems represented by Figs. 8 and 10 are very similar. 

The compound 

The compounds 7LiFm6ThF4, LiF-2ThF4, and LiF-4ThF4 melt 
The ternary system LiF-BeF2-ThF4 (see 

In spite of small differences 

Moreover, ThF4 and UF4 form a continuous series of solid solutions 
with neither maximum nor minimum, and the LiF-ThF4-UFb system (see Fig. 
11) shows no ternary compounds and a single eutectic which contains 1.5 
mole 4& W 4  with 26.5 mole $ UF4 and freezes at 488°C. Most of the area 

UNCLASSIFIED 
ORNL-LR-DWG 28598A 

W 5 800 

700 
t 

E 

LT 

z 
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BeF2 40 20 30 40 50 60 70 80 90 U b  

Ub (mole %) 

Fig. 6. The System BeF2-uE'4. 
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Fig. 7. The System LiF-UF4. 

on the diagram is occupied by primary phase fields of the solid solutions 
UF4-ThF4, LiF.4UF4-LiF*4'IW4, and 7LiF-UF4-7LiF-ThF4. Liquidus tempera- 
tures decrease, generally, to the LiF-UF4 edge of the diagram. 

It is clear from examination of the diagrams shown that fuel systems 
melting below 5OOOC are available over a wide range of compositions in the 
LiF-BeFz-UF4 system. Since up to 28 mole $I of ThF4 can be melted at tem- 
peratures below llOO'F (see Fig. lo), blanket systems with very large 
ThF4 concentrations can be obtained. Moreover, the very great similarity 
in behavior of ThF4 and UF4 permits fractional replacement of ThF4 by UF4 
with little effect on freezing temperature over the composition range of 
interest as fuel. Fuels for single-region thermal converters are, ac- 
cordingly, available in the LiF-BeF2-ThF4-UF4 quaternary system. 

Oxide-Fluoride Equilibria. When.a molten mixture containing only 
LiF, BeF2, and UF4 is treated with appreciable quantities of a reactive 
oxide (i.e., H20, C032', FeO), precipitation of U02 results. 
produced is stoichiometric, and if it is maintained in contact with the 
melt for sufficient time, it forms transparent ruby crystals of U02.00. 

The U02 so 
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Fig. 9. The System LiF-ThF4. 
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Fig. 10. The System LiF-BeF2-ThF4. 
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fig. 12. Ratio of [zr4+]/[~"+] at U O ~  and zr02 saturation of 
ZLiF.BeF2 as a Function of [Zr"+]. 
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sulting from Equilibration with 2LiF. BeF2 -UF4-ZrF4 a t  500-700°C. 

Fig. 13. Fhotomicrographs of (a) U02.12 Starting Material, (b) ZrO2 
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Precipitation of U02 has been suggested as a separations process of pos- 
sible value. However, such precipitation constitutes a possible danger 
for the MSRE since slow precipitation of U02 followed by a sudden en- 
trance of the material into the core would permit uncontrolled increases 
in reactivity. While precautions w i l l  be taken to assure cleanliness of 
the system, the fuel mixture, and the cover gas, it must be anticipated 
that some inadvertent contamination of the system w i l l  occur. 
ingly, an additional safeguard against precipitation of U02 was developed. 

Accord- 

If ZrF4 is added in reasonable concentration to the fuel mixture, 
then contamination of the melt by oxide ion (from H20 or BeO) results in 
precipitation of Zr02 (Fig. 12). Continued addition of oxide ion leads 
to continued precipitation of ZrO2 until the Zr4+/U4+ ratio falls to a 
value slightly below 2; additional oxide leads to precipitation of both 
Zr02 and U02 as separate species (Fig. U).' 
the relationship between these M4+ concentrations and 02' concentration 
follows the mass action behavior expected for the reaction 

Recent studies suggest that 

* Mcc+ + 202- . 
Mo2(S) 

The -02 so precipitated f r o m  solution shows the x-ray pattern and 
the optical properties expected for pure ZrO2. Solid solutions of U02 
in -02 do not form even when both solids are equilibrated at 70O0C for 
weeks with a fluoride melt under conditions such that gross crystal growth 
of both species occurs. Since this behavior appears to contradict pub- 
lished phase diagrams of the ZrO2-UO2 system and since it may be important 
to the MSRE, it has been demonstrated repeatedly. As a further step it 
has recently been established that solid solutions of U02 and ZrO2 pre- 
pared by heating the mixed oxides to high temperatures are decomposed into 
ZrO2 and U02 by equilibration in a molten Li2BeF4 mixture. 

Use of ZrF4 in the MSRE fuel. at concentrations such as five times 
that of UF4 should effectively prevent precipitation of U02 and should 
completely avoid criticality hazards from this source. The Zr4+/U4+ 
ratio has, accordingly, been set arbitarily at a value of 5 or more. 

Addition of sufficient oxide ion to LiF-BeF2 mixtures results in 
precipitation of BeO, although the solubility of Be0 in such melts is 
considerably larger than the solubilities of U02 and Zr02. 
hazard is apparent from the precipitation of small quantities of BeO. 
The precautions of system cleanliness and original melt purity are ex- 
pected to suffice for the coolant circuit. 

No inherent 

MSRE Fuel and Coolant Composition 

The final fuel composition for the MSRE will, in fact, depend on the 
amount of uranium required to bring the system to the critical, and then 
to the operating, condition. 
composition will be (in mole $) 65 LIF, 29.1 BeF2, 5 ZrF4, and 0.9 UF4. 
The pertinent physical properties for this mixture are shown in Table 3. 

At present it is anticipated that the 
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Table 3. Composition and Properties of Fuel and Coolant Salts 

Composition, mole $ LiF 

BeF2 

BFI, 
WI, 

. 

Fuel Coolant 

Liquidus temperature, OF 

Pnysical properties 

Density, lb/ft3 

Heat capacity, Btu lb-' ("F)'l 

Viscosity, centipoises 

Thermal conductivity, 

Vapor pressure 
Btu fte2 hr-' (OF)" ft 

65 
29.1 
5 
0.9 

842 

(at lZOO°F) 
146 
0.455 

7.6 
3.2 

Negligible 

66 
34 

851 

(at 1062OF) 
120.5 
0.526 
8.3 
3.5 

Negligible 

Introduction of ZrF4 as an impqrtant constituent of the MSRE fuel 
adds, of course, to the complexity of the phase behavior of the system. 
No complete diagram exists at present f o r  the quaternary system so 
produced. 
LiF-BeF2-ZrF4 ternary system." 
ZrF4) and two ternary eutectics (at 3 mole $ ZrF4 and 54 mole $ BeF2, mp 
37OoC, and at 25 mole $I ZrF4 and 48 mole $ BeF2, mp 47OOC) occur in the 
system. 

Figure 14 shows the (essentially completed) diagram fo r  the 
A single ternary compound (GLiFeBeF2 

Careful study of phase behavior of the complex quaternary system in 
the region chosen as fuel reveals no phase-instability problems at or 
near the reactor temperature. Figure 15 shows, as an approximation of 
behavior to be expected of the MSRE charge, an appropriate section across 
the more complex quinary system, with ThF4 as an additional minor 
component .ll 

The final MSRE fuel will be obtained by deliberate and controlled 
addition of molten LiF-UF4 eutectic (27 mole $ UF4, mp 49OOC) to the 
appropriate uranium-free LiF-BeFz-ZrFr, solution. From Figs. 14 and 15, 
it is apparent that, if the reactor is maintained at temperatures above 
5OO0C, addition of the LiF-UF4 material will not produce separation of 
solid phases at intermediate or  at extreme concentrations. 

Choice of secondary coolant is, of course, a more simple matter. 
decided to use a 7LiF-BeF2 mixture as coolant to avoid energetic reactions 
with the fuel (as with a NaK coolant) or  contamination of the fuel if a 
leak developed between fuel and coolant. 

We 

Secondary coolants that have extremely low liquidus temperatures 
could be chosen (Fig. 5) from mixtures containing 4.0 to 60 mole $ of BeF2. 
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Safety considerations, however, gave a mild advantage t o  a coolant freez- 
ing at a temperature s l ight ly  above that of the fuel. This fact ,  plus 
the advantage i n  viscosity gained by diminishing the BeF2 content, l ed  
t o  choice of the mixture with 66 mole $ LiF (mp 851OF) as the secondary 
coolant. Values fo r  certain pertinent physical properties of th i s  ma- 
ter ia l  are included i n  Table 3 .  

Prenuclear operation of the reactor w i l l  use a uranium-free LiF-BeF2 
mixture essentially identical  with the coolant t o  test the circulating 
system and t o  remove some o r  a l l  of the oxides and oxygen-bearing species 
from the MSRE system. 
salt, w i l l  a lso be used t o  flush and clean the reactor c i rcui t ry  when 
necessary maintenance is  required a f t e r  nuclear operation. 

f lush salt, and about &4 f t 3  of coolant. 
material must  be prepared and transferred i n  pure form in to  the fuel,  
coolant, and flush tanks of the MSRE. 
fication, and handling operations on these materials are described i n  
the following section. 

This material, commonly referred t o  as the flush 

MSm operation will require about 75 f t3  of fue l  mixture, 75 f t 3  of 
A t o t a l  of nearly 25,000 l b  of 

Details of the preparation, puri- 

Physical Properties 

The physical properties of the WRE fue l  and coolant s a l t s  are  l i s t e d  
i n  Table 3 ,  taken from a recent review of molten salts as reactor ma- 
terials .12 

The vapor pressures of the coolant and fuel salt were stated t o  be 
negligible. 
temperatures13 of measured vapor pressures i n  the temperature range 1000 
t o  13OOOC. 

This conclusion was  established by extrapolation t o  lower 

Figure 16 i l l u s t r a t e s  the effect  of doubling the concentration 
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of ZrF4 in a fuel salt mixture, while Fig. 17 shows the effects of changes 
in the lithium to beryllium ratio. 
distillation as a means of chemical reprocessing of irradiated MSRE fuel 
(in which the volatile BeF2 and LiF are removed, leaving UF4 and non- 
volatile rare-earth fluorides behind) w i l l  call for additional study of 
the vapor pressure and vapor composition of fluoride mixtures. 

The possible exploitation of vacuum 

In addition to the data on viscosities of molten fluorides previously 
available,’ an experimental program is currently devoted to the systematic 
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measurement of viscosit ies of molten fluoride salts over ranges of t e m p e r -  
ature and c~mposi t ion. '~  
of LiF i n  lowering the viscosity of BeF2 as w e l l  as the comfortably l o w  
Viscosity of the compositions used as fue l  and coolant i n  the MSm. 

Figure 18 i l l u s t r a t e s  the tremendous influence 

Stabi l i ty  of UF4 and UF3 

U r a n i u m  tetrafluoride i s  the least-stable necessary component of the 
MSRE fuel.  
corrosion reactions (as described below) and since UF3 is known t o  dis- 
proportionate t o  UF4 and metallic uranium under some conditions, the  
s t ab i l i t y  of these materials both as solids and i n  solution has been 
examined . 

Since some reduction of UF4 t o  UF3 must be anticipated through 
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,The standard free energy of formation (A??) of UF4 appears accu- 
Rand and Kubachewski give the value -95.3 kcal/Fo atom ra te ly  known. 

fo r  &SF? at 1 0 0 0 ° K  fo r  the crystal l ine s 0 1 i d . l ~  

Baes has used an LiF-BeF2 mixture (67 mole $ LiF) i n  a study of the 
reaction 

where g and c represent gaseous and crystal l ine sol id  states and d in- 
dicates that the species i s  dissolved i n  the molten solvent.i6 He has 
shown tha t  the act ivi ty  coefficient ( 7 )  for  UF4 i n  this solution, based 
upon the crystall ine sol id  as reference s ta te ,  has the value 0.55 a t  
1000'K. 
UF4 is  approximated by half i t s  mole fraction (N). 

In  solutions l i ke  the MSRE fuel, therefore, the ac t iv i ty  (a) of 

Long has studied the reduction of UF4 t o  UF3 by hydrogen.17 In  his 
work equilibrium values were defined both with UF4 and UF3 as crystal l ine 
solids and with these materials dissolved i n  a molten LiF-BeF2 (67 mole $ 
LiF) mixture. For the reaction 

a t  lOOO'K he obtains 

From this value, and from the &SF: values of -65.8 kcal/mole for  HF and 
-381.2 kcal/mole f o r  UF4, he obtains &SF: = -301.2 kcal/mole for UF3 (all  

a t  1000°K). 
i n  1945. 

This latter figure agrees well with tha t  estimated by Brewer" 

When the reduction i s  accomplished a t  l00O'K i n  the LiF-BeF2 solu- 
tion,* Long has shown tha t  fo r  

N $I2 
UF4 H2 

m e s e  experiments were done with about 5 mole $ UF4 i n  solution. The 
values should approximate very well those i n  MSRE fue l  with l$ UFC, and 
546 aF4.  

/. 
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Since the fugacit ies ( f )  and the pressures (P) of the gases are 
ident ical  and since (af ter  Baes) NUF 4 %4' these values of Ka and 5 
can be combined t o  yield the act ivi ty  coefficient (7) of uE3 w i t h  the 
crystall ine sol id  as reference state; t h i s  combination yie1ds.y = 50. 

UF3 

From these data the extent of the disproportionation reaction may be 
assessed. For the reaction 

the equilibrium quotient (E;N) i s  given by 

From the free-energy change the value Ka fo r  Reaction V with products and 
reagents i n  the i r  standard (crystalline solid) s ta tes  i s  known t o  be 

From the act ivi ty  coefficients given above for  UF3 and UF4 the value of 
$ [identified i n  Eq. (3)l  may be computed t o  be 3.5 X 10- . From th is  

value the r a t io  of UF4 t o  UF3 or the extent of reduction of UF4 which i s  
i n  equilibrium with any designated act ivi ty  of Uo can be estimated. 

I n  the MSR the act ivi ty  of $ might be controlled by formation of a 
uranium carbide or by alloying of $ with the INOR-8. 
w h i c h  % would be controlled may be calculated from values of CIF; of the 

h 

The values a t  

Table 4. Calculated Values of the Fraction of the 

Trivalent State (UFs/Total U) in Equilibrium 
at 1OOOOKwith Various Phases 

(total uranium in solution = 1 mole $4) 

Total Uranium in Solution Present in the 

~~ ~ ~ 

Phase Uo Activity UF,/Total U ($) 

U metal 1.0 3 9  
uc 3 x 10-5 89 
UC 2 5 x 10-7 68 
Ni alloy -lo-* 49 
Ni alloy -2 x 1O-l' 20 
Ni alloy -1 x 1 
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appropriate carbide and may be estimated (% = lom8 seems pessimistic) 
for the alloys with Ni'. 
uranium for several such uranium activities. 

Table 4 shows the calculated ratios of Ul?3/total 

These numbers suggest strongly that quite high ratios of UF3 to 
total. uranium could be tolerated in MSRE before precipitation of uranium 
or its reaction with other MSRE components became a problem. Conversely, 
if, by any process, as much as 70% of the uranium were reduced to UF3, 
then one could expect the formation of UC2 in the presence of graphite. 

Chemical. Compatibility of E R E  Materials 

Successful operation of the MSRE requires compatibility of the 
molten fuel mixture with unclad graphite and INOR-8 during years of 
rapid circulation of the fuel through an appreciable temperature gradi- 
ent. 
process proceeds with its consequent intense radiation field and the 
buildup of fission product species. The evaluation of these implied 
problems has required a large research and development program in which 
many tests have been conducted over a period of several years. Details 
and specific findings of the large program of corrosion testing are 
presented as a separate chapter ("Metallurgical Development") in this 
report. 
of their several interactions are described briefly in the following 
section. 
INOR system is described below. 

Such compatibility must, moreover, be assured while the fission 

The chemical properties of the materials and the chemical nature 

The effect of irradiation on compatibility of the fuel-graphite- 

Corrosion of INOR-8 by Fluorides 

Fluids that are circulated in metal circuits at rapid rates through 
pronounced temperature gradients frequently attack the metal by very 
complex processes. Such corrosion, or its prevention, often depends upon 
the stability and self-healing quality of insoluble corrosion product 
films; the corrosion resistance of aluminum to hot water (in spite of the 
thermodynamic instability of aluminum to water) is a familiar example of 
such behavior. 

Molten fluorides such as those proposed for use in MSRE react with 
(and generally serve as fluxes for) oxides of the common metals. 
cordingly, protection of the metal by an oxide or other film seems to be 
of no value in minimizing corrosion by fluorides. 
seems to be governed by the thermodynamic stability of the systems in- 
volved and by rates of migration of the reactive species within the 
alloy. 

Ac- 

Corrosion behavior 

The corrosive attack (shown in detail in the chapter "Metallurgical 
Development"), which is extremely slight, occurs by selective oxidation 
of the chromium in INOR-8. Selective removal of chromium from the sur- 
face of the alloy results in diffusion of chromium atoms from interior 
layers toward the surfsce.lg The process, accordingly, leads to an 

* . 

. 

* 
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excess of vacant sites i n  the solid solutionj these vacancies agglomerate 
i n  areas of disregistry, principally at  grain boundaries and a t  the s i t e s  
of impurity atoms i n  the l a t t i ce ,  t o  form voids. These voids tend t o  
agglomerate and t o  grow i n  size with increasing time and temperature. 
The subsurface voids are  not interconnected with each other or  with the 
surface. Under MSRE conditions subsurface void formation may be expected 
t o  depths of perhaps 0.5 mil/year. 

A considerable fraction of the slight corrosive attack occurs 
shortly after s tar tup of the t e s t  assembly. 
especially the older evidence obtained with Inconel, which i s  more se- 
verely attacked than i s  INOR-8) suggests tha t  attack continues a t  a slow 
r a t e  through some sustained-corrosion mechanism. 

However, the evidence (and 

Nature of the Chemical Reactions. Selective attack upon the chromium 
i n  INOR-8 by oxidizing impurities i n  the molten fluorides i s  not sur- 
prising. 
gests that  both FeF2 and NiF2 should oxidize C r  t o  CrF2. Blood2' has 
made a careful study of the reaction 

Casual inspection of the thermochemical data of Table 2 sug- 

where M represents e i ther  C r  o r  Fe, and c, g, and d indicate that the 
species are  crystall ine sol id  (at unit act ivi ty) ,  gaseous, or dissolved 
i n  a molten LiF-BeF2 mixture. 
62 mole $J of LiF. 
1000°K the experimentally determined equilibrium constants (s) have the 

values 8 X 10-1 and 1.3 x loo4 for  FeF2 and CrF2 respectively. 
equation f o r  

In  these experiments the solvent contained 
Results of h i s  studies show (see Table 5 )  tha t  a t  

The 

KN is 

where P and N indicate par t ia l  pressure and mole fraction of the desig- 
nated species. 
pure chromium should proceed (producing pure Fe and dissolved CrF2) u n t i l  
the ratio NCrF2/NFeF2 c;! 6000. 

be somewhat different.  
fraction of chromium and 0.055 atom fraction of iron. 
two metals should be approximated by these atom fractions. 
of chromium i n  the alloy with dissolved FeF2 t o  produce iron i n  the alloy 
should be s l ight ly  more complete than indicated above. 
react ion, 

The reaction of FeF2 dissolved i n  molten LiF-BeF2 with 

Attack of dissolved FeF2 upon chromium i n  INOR-8 will, of course, 
INOR-8 is  a sol id  solution alloy with 0.083 a5om 

Activities of the 
The reaction 

Another l ike ly  

+ CrF2 , ( s s )  e Fe(c) FeF2(d) + C r  
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Table 5 .  Experimentally Determined Equilibrium Constants 
for the Reaction MF2 (d) + H2(g) M(c) + "9) in 

LiF-BeF2 Mxture Containing 62 mole 4& Li 

Temperature 
("c) 

For CrF2 For FeF2 For NiF2 

800 4.4 x 10-4 1.9 

700 7.5 x 10-~ 0.53 7 x 105 
600 1.2 x 10-5 0.13 1.5 x 104 

727 1.3 x 10-4 0.80 

is in solid solution in INOR-8 and Fe is crystalline iron 
(ss 1 (c 1 where Cr 

at unit activity, should proceed until the ratio NCrF2/NFeF2 E500.  De- 

pletion of chromium in the surface layers of INOR-8 (to be replenished 
slowly by diffusion from the interior) would, of course, lower this ratio. 

Selective attack upon the chromium can occur by any of several re- 
actions. These include: 

1. Reactions with Dissolved Impurities in Melt- The fused fluorides 
are purified (see the chapter "F'reparation of E R E  Fuel, Coolant, 
and Flush Salt" for details) by successive treatments with ."-HZ 
mixtures and with H2. Incomplete removal of HF or of any easily 
reducible fluoride will subsequently lead to corrosion of the 
INOR-8. Reactions such as 

and 

NiF2 + Cr CrF2 + Ni (1x1 

are examples. 
confirm that these reactions are even more complete than Reaction 

Available free-energy data and direct experimentation 

(vm 
2. Reactions Due to Oxides on the Metal- Oxide films on the INOR-8 

are attacked by the molten fluoride by reactions such as 

w 

v 
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2Cr2O3 + 3ZrF4 4 3Zr02 + 4CrF3 , 
2Fe0 + ZrFg Zr02 + 2FeF2 . (XI 1 

The result ing Zr02 appears t o  be of l i t t l e  consequence i n  corrosion, 
but the CrF3 and FeF2 are strong oxidants t o  chromium i n  INOR-8. 

Reactions of the type shown under 1 and 2 above can, i f  the fuel and 
the container are not carefully prepared, lead t o  serious in i t ia l  
corrosion. 
caref'ul purification and manufacturing procedures. 
these two classes of reactions wi l l  produce CrF2 i n  the fue l  equiva- 
l en t  t o  about 250 parts of chromium per million parts of fuel. 
CrF2 from these sources should, therefore, be a t  concentration 

Such reactions can be minimized (or even avoided) by 
It is  l ike ly  that 

The 

*CrF2 = 2.5 x 1r4. 

3. Reactions with Necessary Constituents of M e l t  - Attempts t o  disclose 
the existence of Zr3+ and BeS species i n  molten fluoride solution 
lead t o  the conclusion that reactions such as 

do not occur; ~ r 3 +  species do not exceed concentrations of 10 ppm if  
they are  present a t  a l l .  Accordingly, reactions such as 

apparently need not be considered. 

Uranium t r i f luor ide  is, however, a well-known compound that i s  
relat ively stable i n  molten fluorides of the type t o  be used i n  MSRE. 
The extent of reaction is  relatively small; the values i n  Table 2 in- 
dicate a free-energy change of +12 kcal fo r  oxidation of C r  by UFg. In  
sp i te  of th i s ,  the reaction i s  an important contributor t o  the corrosion 
process; an evaluation of i t s  contribution is  examined i n  de ta i l  i n  the 
following 

hydrogen reduction equi l ibr ia  by Long and by Blood (described above) can 
be used t o  yield reasonable (and consistent) estimates of the act ivi ty  
coefficients of the several species i n  m e l t s  similar t o  the MSRE fuel. 
These ac t iv i ty  coefficients, based on the crystal l ine sol id  as reference 
state, are shown i n  Table 6. 

Extent of Chemical Reactions. The data obtained from studies of 

From these values and the values (Table 2)  of &': fo r  the several 

compounds, we may assess the extent of the reaction 
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where the UF4, CrF2, and UF3 are i n  solution i n  MSRE fue l  and the C r  i s  
at the relat ively low ac t iv i ty  it has i n  unaltered INOR-8. 
reaction, 

For t h i s  

If, i n i t i a l ly ,  the salt were completely pure and the m e t a l  contained 
no oxide (so tha t  all CrF2 was  generated by this reaction), then 

NUF3 = "CrF2 
F 

= 0.01) with INOR-8 
4 = %4 For reaction of a fue l  with 1 mole $ UF4 (NW 

(acr = 0.083), the equilibrium indicated i n  FQ. (6) is  satisfied at  

and 

= 1.1 x 10-4 NCrF2 

N = 2.2 x . 
UF3 

Accordingly, less than 3$ of the UF4 would be reduced t o  UF3, and the 
chromium fluoride concentration of the melt would be 130 ppm (as Cr). 
a more r ea l i s t i c  case i f  CrF2 equivalent t o  some 250 ppm of chromium 
arose from other sources, then the t o t a l  CrF2 concentration at  equilibrium 
would r i s e  t o  s l igh t ly  more than 300 ppm (as Cr), and N 

In 

would be about 
1 x 10% uF3 

Table 6 :  Activity Coefficientsa Estimated fo r  Various Fluorides 
i n  Molten LiF-BeF2 Solutions a t  1 0 0 0 ° K  

Approximate 
7 Species % Equilibrium Studied Concentration 

(kcal/F atom) (mole fraction) 

UF4 -95.3 UF4 + 2H20 * U02 + 4HF 0.02 0.55 
50 

UF3 -101 4 UF4 + 2H2 1 UF3 + HI? 0.0001 

FeF2 -66.5 FeF2 + H2 Fe + 2HF 0.005 1.6 

0.5 CrF2 -74 CrF2 + H2 C r  + 2HF 0.001 

?Based on the crystall ine sol id  as reference s ta te .  
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It is  easy t o  show tha t  i f ,  as a consequence of FeF2 impurity, the 
INOR-8 surface were severely depleted of chromium and i f  iron a t  uni t  
act ivi ty  were available within the system, the reaction w o u l d  yield a t  
equilibrium NW = 3 X log5 (corresponding t o  reduction of only 0.3% of 

the available UFq) and NFeF2 = 1.5 X loo5 (corresponding t o  FeF2 at about 

15 ppm as Fe). 
such circumstances. 

3 

It i s  highly unlikely that any tests have been run under 

This reaction will certainly not produce sufficient UF3 t o  cause 
trouble from disproportionation of t h i s  material. 
quantity of chromium removed from the metal should prove tr ivial  i n  any 
uniform temperature system. 

Moreover, the t o t a l  

However, i n  a nonuniform temperature system such as MSRE the small, 
but real, temperature dependence of reactions such as (XIV) can resu l t  
i n  removal of chromium from the metal i n  the hotter regions and its 
deposition i n  the colder regions of the c i rcu i t .  
perature dependence of the reaction is  s o  slight, the deposition can re- 
s u l t  o w  i n  a slight increase i n  chromium act ivi ty  (concentration) i n  
the INOR-8 i n  the cooler regions. 

However, since the tem- 

If nickel, iron, and molybdenum are assumed (as i s  approximately 
t rue)  t o  be completely ine r t  diluents for  chromium, and i f  the circulation 
r a t e  of 1200 gpm for  E R E  can be considered inf in i te ly  rapid, the process 
can be simply described. Under such conditions uniform concentrations of 
UF3 and CrF2 are maintained i n  the fluid; these concentrations sa t i s fy  
(at some intermediate temperature) the equilibrium constant for  the re- 
action shown. Under these steady-state conditions, there exis ts  a t e m -  
perature (T), intermediate between the maximum and minimum temperatures 
of the loop, at  which the i n i t i a l  composition of the s t ructural  m e t a l  is 
at  equilibrium with the fused salt. Since the equilibrium constant for  
the chemical reaction increases with increasing temperature, the chromium 
concentration i n  the alloy surface i s  diminished at temperatures higher 
than T and is augmented at  temperatures lower than T. 
(NaF-LiF-KF-UF4, e .g. ) the equilibrium constant of reaction changes 
sufficiently under extreme temperature conditions t o  cause formation of 
nearly pure chromium crystals i n  the cold zone. In  other melts (LiF- 
BeF2-UF4, e .g. ) the temperature dependence of the corrosion equilibrium 
i s  s m a l l ,  and the equilibrium i s  satisfied at a l l  useful temperatures 
without the formation of crystall ine chromium. 
the rate of chromium removal from the s a l t  stream at  cold-leg regions is  
dependent on the r a t e  a t  which chromium can diffuse in to  the cold-leg 
wall. 
the bulk of the cold-leg surface i s  held a t  a relat ively low temperature, 
the corrosion r a t e  i n  such systems is  almost negligible. 

In some melts 

In  the LiF-BeF2-UF4 system 

If the chromium concentration gradient tends t o  be small, or i f  

As the al loy surface i n  the hot region at  the c i rcu i t  becomes de- 
pleted i n  chromim, chromium from the in te r ior  diffuses down the concen- 
t ra t ion  gradient toward the surface. 
process and i n  t h i s  particular si tuation is  essentially monodirectional, 
it i s  possible, as previously mentioned, t o  build up an excess number of 

Since diffusion occurs by a vacancy 



8 

244 e 

vacancies in the metal. 
principally at grain boundaries and impurities, to form voids. 
voids tend to agglomerate and grow in size with increasing time and tem- 
perature. 
or with the surface. 

These precipitate in areas of disregistry, 
These 

The subsurface voids are not interconnected with each other 

The mechanisms described above seem to explain such observations as 
the complete independence of corrosion rate and flow rate for a given 
system, and the increase in corrosion with increase in temperature drop 
as well as with increase in mean temperature within a system. 

I 
The results of many, long-term tests of corrosion of INOR-8 and 

Inconel by MSRE fuel mixtures and other salt combinations (see the chapter 
"Metallurgical Development") seem to substantiate very well the expecta- 
tions from these thermodynamic considerations. 

Compatlbility of Graphite with Fluorides 

Graphite does not react chemically with molten fluoride mixtures of 
the type to be used in the MSRE. 
that the most likely reaction: 

Available thermodynamic data suggest 

(W 4UF4 + C CF4 + 4UF3 

should come to equilibrium at a concentration of CF4 which is below the 
detection limit (about 1 ppm) of this compound by mass spectrometry. 
Moreover, graphite has been used as a container material for many NaF- 
ZrF4-UF4, LiF-BeF2-UF4, and other salt mixtures, with no evidence of 
chemical instability. 

The MSm will contain about 70 ft3 (nearly 8000 lb) of graphite. 
Even though chemical stability is assured, several possible problems re- 
main. 
through permeation of the graphite by fuel, (2) reaction of fuel material 
with oxygenated gaseous species desorbed from the graphite, and (3) car- 
burization of the INOR-8 structure by carbon dissolved, suspended, or 
otherwise carried in the circulating salt. These possibilities have been 
studied experimentally and found to be inconsequential or to have practi- 
cable solutions. 

These include (1) hazardous increase in uranium content of core 

Graphite is not wetted by MSRE fuel mixtures (or by other similar 
mixtures) at elevated temperatures. 
permeated by the fuel is, accordingly, defined by well-known relationships 
among applied pressure, surface tension of the nonwetting li uid, and the 
pore-size spectrum of the graphite specimen. Typical tests2' with MSRE 
graphite have exposed evacuated specimens to MSRE fuel mixtures at l300OF; 
applied pressures were set at 150 lb, a value three times the reactor 
design pressure. 
a few hours. 
meated by the salt; such permeation is well within that considered 
tolerable during METE operation. 

The extent to which graphite is 

The observed permeation did not change with time after 
In these tests 0.3$ of the graphite bulk volume was per- 

Specimens permeated to this extent have 
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been given 100 cycles between 390 and 1300'F without detectable change 
in properties or appearance. 

Graphites contain appreciable quantities of gases that are not re- 
moved by pumping at room temperature but that are desorbed on heating in 
vacuwn to high temperatures. These gases typical1 consist of H20, C02, 
CO, N2, H2, and small quantities of hydrocarbons.2q The MSRE graphite 
was specified to contain less than 30 STP cm3 of CO (or equivalent 0) per 
100 cm3 of graphite after pumping at 30'C to a pressure of lom3 mm Hgo; 
subsequent tests21 have shown the graphite to contain about 6 cm3 of these 
gases per 100 cm3. 
larger quantities of active oxide without difficulty from precipitation 
of Zr02. 
while the graphite is slowly heated to LtOO'C, effectively removes the 
small quantity of physically absorbed and chemisorbed water from the MSRE 
specimens.23 Carbon monoxide and C02 react slowly if at all with the 
molten fluoride mixtures, and most of the water should be readily re- 
movable during preliminary heatup of the reactor. 
desorption of gases from the moderator w i l l  be of consequence in MSRE 
operation. 

The f'uel mixture could, if necessary, withstand much 

In addition, it has been shown that a helium purge, maintained 

It is unlikely that 

UNCLASSIFIED 
ORNL-LR-DWG 27902 

Fig. 19. Diagram of Forced-Circulation Loop for Weight-Loss Studies 
of INOR-8 Exposed to Circulating Fused Salts. 
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Carburization of INOR-8 by graphite i n  contact with molten fluorides 
has been studied i n  s t a t i c  capsule tests24 and i n  a long-lived forced- 

I circulation loop. 

The s t a t i c  capsules were run a t  1300'F with INOR-8 specimens, graph- 

All tests indi- 
i t e ,  and an LiF-BeF2-UF4 fue l  mixture contained i n  capsules of INOR-8. 
Exposures were for  multiples of 2000 hr up to 14,000 hr. 
cated no carburization and no appreciable a l terat ion of the tensi le  
properties of the metal. 
roughening (less than 0.5 mil) of the INOR-8 specimens. 

The longest t e s t  (14,000 hr) produced a slight 

The forced-circulation of INOR-8 w a s  operated at  UOO'F for  1 
year with an LiF-BeF2-W.5. (62-37-1 mole 9) mixture as the circulating 
medium. 
(see Fig. 19), contained 32 rods (11 X 1/2 in.) and 18 rods (ll X 3/16 
in.) of a special experimental graphite from National Carbon Company; 
this graphite w a s  generally similar t o  the proposed MSRE moderator ma- 
terial .  Each of the larger rods was f i t t e d  with four spacer rings of 
INOR-8 wire t o  obtain the desired flow characterist ics and t o  provide 
samples for  metallurgical tests for  carburization. 
mens a f te r  t e s t  are shown i n  Fig. 20. Weight changes, dimensional 
changes, and chemical analyses of machinings from the graphite26 revealed 
no detectable erosion of the specimens, and permeation of the graphite by 
only traces of fuel. 

An INOR-8 box, located at the heater out le t  of a standard loop 

!The graphite speci- 

Carburization of the INOR-8 appeared t o  be absent. 

No d i f f icu l t ies  with out-of-radiation compatibility of the fluoride- 
graphite-metal MSRE system have so far been found. 

Fig. 20. Graphite Specimens After Exposure t o  Molten Fluoride. 
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Behavior of Fission Products 

When f iss ion occurs, the fragments originate i n  energy states and 
ionization levels very far from those normally encountered. 
occurs i n  a well-mixed l iquid medium, these fragments must, as they 
quickly lose energy through collisions i n  the liquid, come t o  a steady 
s t a t e  (made very complicated by the radioactive decay of many species) as 
common chemical en t i t i es .  The valence states which they assume i n  the 
l iqyid are, presumably, defined by the requirements that  cation-anion 
equivalence be maintained i n  the l iquid and tha t  redox equilibria be 
established both among the components of the melt and between the melt 
and the surface layers of the container metal. 

When f iss ion 

When f iss ion occurs i n  aqueous solution, the requirement of cation- 
anion equivalence can, i f  necessary, be satisfied by @ or OIT ions 
supplied by the solvent. 
In  these media, since F2 and valence s ta tes  of uranium higher than 4 are 
unstable toward reduction by the container, the f iss ion product cations 
must neutralize the f iss ion product anions plus the 4 fluoride ions as- 
sociated with the fissioned atom. 
inadequate, o r  i f  they become adequate only by assuming oxidation s ta tes  
incompatible w i t h  INOR-8, then the container metal must supply the 
deficiency. 

No such mechanism i s  available t o  the MSRE fuel. 

If the f iss ion product cations are 

Thermochemical data, from which the s tab i l i ty  of f iss ion product 
fluorides i n  complex dilute solutions can be predicted, are lacking i n  
many cases. 
products can be given, and the complex situation i n  the MSRE f i e 1  cannot 
be defined i n  r ea l  detai l .  Such information as seems definite i s  br ie f ly  
described i n  the following. The data obtained i n  many in-pile t e s t s  (see 
below) suggest strongly tha t  the fue l  mixture survives the f iss ion process 
without requiring substantial contributions from the container m e t a l .  

No precise definition of the valence s ta tes  of a l l  f iss ion 

R a r e  Gases 

The f iss ion products krypton and xenon are volati l ized from the high- 
temperature m e l t s  as elements. The solubi l i t ies  of these gases i n  molten 
fluoride mixtures obey Henry's law,  increase with increasing temperature, 
decrease with increasing atomic weight of the gas, and vary somewhat with 
composition of the solvent.27 Henry*s l a w  constants and heats of solution 
for  the  rare gases i n  NaF-ZrFh and LiF-BeF2 mixtures are shown i n  Table 7. 
The positive heat of solution ensures tha t  blanketing or  sparging of the 
fue l  with helium or argon i n  a low-temperature region of the reactor can- 
not lead t o  diff icul ty  due t o  decreased solubi l i ty  and bubble formation 
i n  higher-temperature regions of the system. 

The very l o w  solubi l i t ies  of these gases suggest that they should be 
readily removed from reactor systems. 
la ted xenon poisoning was observed during operation of the Aircraft Re- 

Only a small fraction of the calcu- 

actor Experiment, where the only mechanism for  xenon removal was the 
helium purge of the pump bowl. Removal of xenon from the MSRE w i l l  be t, 

* 
* 

* 
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Table 7. Solubilities at 60O0C and Heats of Solution f o r  
Noble Gases in Molten Fluorides 

NaF- ZrF4 LiF-BeF2 
(53-47 mole $) (64-36 mole $) 

Gas 
Heat of Solution K* 108 Heat of Solution 

K* x lo8 ( kc al/mole ) (kcal/mole) 

He 21.6 f 1 6.2 11.55 f 0.4 5.2 

Ne 11.3 f 0.3 7.8 4.63 k 0.2 5.9 

A 5.1 f 0.15 8.2 0.98 k 0.02 8.6 

Xe 1.94 f 0.2 11.1 0.233 f 0.01 12.1 
* 
K = moles of gas/(cm3 of solvent) (atm) . 

UNCLASSIFIED 
ORNL-LR-DWG 5620; 

10-7 10-6 10-5 -4  

Fig. 21. Possible Xenon Poisoning in Molten-Salt Reactors. 
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complicated by holdup of th i s  gas i n  the pores of the graphite and by the 
relatively small fraction ( 5  t o  lo$) of the fuel flow which i s  bypassed 
through the pump bowl. Figure 21 shows a family of curves which relate 
poison fraction t o  be expected as a function of recycle rate (percentage 
of fue l  flow equilibrated with a stripping gas) and of permeability of 
the moderator graphite. It i s  clear from t h i s  figure tha t  very marked 
improvement i n  tightness of graphite wi l l  be required t o  solve the problem 
at  low recycle rates,  but tha t  a simple gas-stripping system operating on 
the ent i re  fue l  flow should solve the problem for  a reactor with any 
reasonable moderator graphite. 

Elements of Groups I-A, 11-A, 111-B, and IV-B 

Rubidium, cesium, strontium, barium, zirconium, yttrium, and the 
lanthanides form very stable fluorides. These f iss ion products should, 
accordingly, ex is t  i n  the molten fue l  i n  the i r  ordinary valence s ta tes .  
Many studies show tha t  large amounts of ZrF4, the alkali fluorides, and 
the alkaline earth fluorides can be dissolved i n  the MSRE fuel  mixture 
a t  operating temperatures. Since the t r i f luorides  are l e s s  soluble, the 
solubili ty behavior of the fluorides of yttrium and the rare earths, and 
of plutonium have been examined i n  some detai1.28p29 The saturating phase 
from solutions i n  LiF-BeF2 and related mixtures i s  the simple tr if luoride; 
when more than one rare earth i s  present, the saturating phase i s  a 
(nearly ideal) solid solution of the tr if luorides.  
these materials depend strongly on composition of the m e l t  and may be near 
the minimum i n  compositions close t o  tha t  of the MS€Z fuel.  
region, however, the solubili ty (near 0.5 mole $ a t  MSRE operating t e m -  
peratures) i s  such that  many years would be required fo r  the reactor t o  
saturate i t s  fue l  with any of these f iss ion products. 

The solubi l i t ies  of 

Even i n  this 

The statements regarding rubidium and cesium above do not apply t o  
those fractions of these elements which originate i n  the graphite as 
daughters of the rare gases which have permeated the moderator. 
alkali m e t a l s  form compounds with graphite a t  high temperature; the 
quantities involved, however, are so small that no damage t o  the graphite 
seems possible. 

These 

Other Fission Products 

The f iss ion of the uranium atom of UF4 would yield more cation equiva- 
lents  than anion equivalents i f  the noble-gas isotopes of half-life 
greater than 10 min were l o s t  from the fuel and i f  each of the other fis- 
sion products formed a fluoride of i t s  lowest recognized valence state; 
i f  this were the case, the system would retain cation-anion equivalence 
by depositing the most noble f iss ion products as metal and by reduction, 
i f  necessary, of some uF4 t o  UF3. The sparse thermochemical data suggest 
tha t  the fluorides of germanium, arsenic, niobium, molybdenum, ruthenium, 
rhodium, palladium, si lver,  cadmium, t i n ,  and antimony should be reduced 
by chromium a t  i t s  act ivi ty  i n  INOR-8. 
fuel, not a13 these reductions would be complete, but some of these ele- 
ments (and perhaps part  of a l l  of them) must be expected t o  exis t  as 

In  dilute solution i n  the MSRE 
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metals. Only about 3.2 cation equivalents result from fission in UF4 if 
all these fission products exist entirely as metals; the fission process 
would in that event result in oxidation of INOR-8. 
tive information from in-pile capsules and in-pile loops suggests that 
the true situation is comfortably between these extremes and in a region 
where the cation-anion equivalence is satisfied at a redox potential near 
to that of INQR-8. 

Considerable qualita- 
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EFFECTS OF RADIATION ON THE COMPATIBILITY OF MSE MATERIALS 

F. F. Blankenship 
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Summary 

Postirradiation examination of the several capsules from three in- 
pi e tests of MSRE fuel-graphite-metal compatibility continues to furnish 
evidence of evolution of F2 and CF4, graphite damage, and other potentially 
unfavorable phenomena. All cases of unusual behavior, however, seem to be 
consequences of F2 generation at low temperatures under conditions which 
will not normally obtain in E R E .  

i 

Radiolytic formation of F2 at temperatures below 100°C was observed 
over a 5-month interval in two capsules that were fitted for sampling of 
the evolved gases. 
temperature (G = 0.01 to 0.02 molecule of F2 per 100 ev absorbed) and de- 
creased to zero rate at-70°C and +80°C. 
diffusion in the crystals presumably limited the evolution rate, while at 
high temperatures the back reaction of radiolytic products appeared to be 
controlling. 
this picture and which demonstrated that F2 reacts more rapidly with salt 
which has previously lost most of its F2 radiolysis. 
conclusively eliminated the specter of fluorine generation at reactor op- 
erating temperatures. In reactor components such as freeze valves or  
freeze flanges and in tanks for storage of irradiated salt, however, the 
temperature must be kept high enough (200°C seems sufficient) to prevent 
salt radiolysis . 

Fluorine release proceeded at a maximum rate near room % 

7 

At the low temperature, slow 
* 

Deliberate addition of F2 produced results which confirmed 

These observations 

Chemical anaJyses of graphite cores from the large capsules of one 
assembly revealed the presence of appreciable (0.1 to 0.5 w t  4 6 )  quantities 
of uranium, as well as molybdenum, lithium, and container metals. Auto- 
radiography, before and after neutron activation, and x radiography of a 

transverse sections of the cores showed that the uranium was present in 
Neutron activation 

analyses gave slightly lower results for uranium than those obtained by 
chemical analyses. The deposition of uranium is believed to have been a 
consequence of fuel radiolysis during reactor shutdowns in the course of 
the in-pile exposure. 
in-pile experiment (47-6) provide4 for heaters on each capsule to prevent 
radiolysis during shutdown. The performance of this experiment supported, 
in every way tested, the conclusion that the MSRE components are compatible 
for use as designed, and the gross visual appearance of the components on 
disassembly of the experiment has given further support to this conclusion. 
The components (INOR-8, graphite, salt, and molybdenum specimens) have been 
separated and packaged for return to ORNL and detailed hot-cell examination. 

a 2-mil-thick layer on the surface of the specimens. . .  
e 

To test this conjecture, the design of the last 
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Introduction 

Many familiar examples of systems displaying s t ab i l i t y  a t  high tem- 
atures depend on the formation of protective films; but the E R E  fuel- 

metal-graphite compatibility relationships are not among these. As indi- 
cated i n  the preceding chapter, the components of the fluoride melts used 
as a fuel  are chosen with a view toward complete thermodynamic s tab i l i ty  
with respect t o  nickel alloys and graphite, and the resulting combination 
is substantially corrosion free, isothermally at least ,  without the inter-  
mediation of interfacial  films. Pertinent detai ls  of corrosion-related 
behavior of the fue l  that  have been described previously present no phe- 
nomena which obviously render them inherently susceptible t o  adverse ef- 
fects  from fissioning. The possibil i ty tha t  off-equilibrium species might 
cause undesirable effects has been examined experimentally and found t o  be 
v-mishingly s m a l l  o r  beyond the l i m i t  of detection. 
oT these experiments provides some interesting sidelights, particularly 
i n  connection with the difference i n  behavior of crystall ine and molten 

However, the history 

There exists,  as a legacy from.the A" Program, an impressive and 
ssuring collection of irradiation experiments involving fissioning 

mQlten fluorides i n  contact w i t h  nickel-based alloys - more than 100 
ekposures t o  reactor irradiation i n  various fluoride mixtures i n  Inconel 
capsules and three in-pile forced-circulation loop experiments. 
c&usion, as stated on May 1, 1958, was as follows:' 

The con- 

+ 
Within the obvious limitations of the experience up t o  the 

present time, there i s  no effect  of radiation on the fuel and 
no acceleration of corrosion by the radiation f ie ld .  " 

But, l e s s  w a s  known about the compatibility of graphite w i t h  fissioning 
fuel. 
fuel, there w a s  l i t t l e  reason t o  suspect gross corrosive effects,  but 
the interfacial  behavior was a matter of concern. 

( 1  

Owing t o  the chemical inertness of graphite with respect t o  the 

The fuel, because of its high surface tension, does not soak into 
the pores of graphite. It was of great importance t o  ensure that  such 
a favorable interfacial  behavior persisted i n  sp i te  of irradiation ef- 
fects,  since about 1% of the volume i n  the core i s  comprised of the 
voids i n  graphite. 

Another point of interest  for  g-tern operation i s  the nature of 
the deposition of the noble metals produced as f iss ion products. When a 
uranium cation fissions, the resulting f iss ion fragments correspond, on 
the average, t o  cations having a combined valence of about +3.4 i n  place 
of the +4 of the uranium cation. 
depends on the rate  of removal of short-lived xenon and krypton tha t  de- 
cay t o  cation-forming elements and also,  more importantly, on the fact  
that  the valences adopted by the fission products w i l l  be those fo r  equi- 
librium with the chromium metal at the chemical act ivi ty  chromium pos- 
sesses i n  the INOR-8 container. The net effect  i s  a gradual chemical 
oxidation at a rate which would increase the C r 2 +  concentration i n  the 

The exact replacement valence deficiency 
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MSHE by about 50 ppm/year. 
products such as molybdenum and ruthenium as elemental metals. 
the change i n  oxidation level  of the fuel  (i.e., i n  the UF4 t o  UF3 ra t io)  
is readily adjusted by scheduled reprocessing treatments, and any mismatch 
with the corrosion equilibrium 

Concurrently, there i s  a deposition of f iss ion 
I n  practice, 

i s  spontaneously corrected by a shift  i n  concentrations toward values cor- 
responding t o  equilibrium. 

An underlying premise of the foregoing considerations w a s  that the 
chromium i n  the INOR-8 container remains available as a reducing agent, 
and that  th i s  i s  the main factor influencing the deposition of noble 
metals. 
sional reprocessing may be necessary t o  prevent the slow oxidizing effect  
of fissioning from tending t o  release iodine and tellurium from the f i s -  
sioning fuel. 

Should the INOR-8 become plated with noble metals, then occa- 

Preliminary Experiments 

Beginning i n  1960, a sequence of in-pile experiments w a s  directed 
toward resolving uncertainties regarding the compatibility, under irra- 
diation, of MSRE components. 

The first two of these, Experiments 47-1 and 47-2, were essentially 
duplicates and suffered from an experimental shortcoming such that the 
resul ts  were quite limited and need only brief mention. The experimental 
diff icul ty  derived from an attempt t o  maintain pressure on the irradiated 
system by using a bellows completely f i l l e d  w i t h  salt as the capsule w a l l  
submerged i n  a pressurized bath of l iquid sodium. 
ing operation of the p i l e  led t o  rupture of the bellows and t o  the loss  
of seven out of eight capsules. 
aggravated by fluorine gas that might have been present i n  accord with 
phenomena t o  be described below. 

Freeze-thaw cycles dur- 

The tendency t o  rupture w a s  probably 

The single surviving capsule gave generally reassuring resul ts  i n  
that the surface of a graphite core appeared unaffected by exposure t o  
fissioning fuel. 
graphically mounted sections of the graphite indicated that no significant 
penetration of the graphite by salt ha& occurred and that the graphite 
appeared unchanged. 

Nherous observations with a microscope of metallo- 

Autoradiographs and radiochemical analyses showed minor intrusions 
of fission products into the graphite by two mechanisms. There were a 
few fissures o r  faul ts  i n  the graphite tha t  were repositories for  fis- 
sion product radioactivity resembling that i n  the fuel. Otherwise the 
activity i n  the inter ior  of the graphite w a s  quite low. The other mode 
of pickup of act ivi ty  may have been augmented by diffusion of gases; this  
w a s  i n  the form of an annulus of act ivi ty  at  the circumference of the 
graphite core. The inner fringe of t h i s  annulus, as studied by dr i l l ing  

t 

3 
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with a hy-podermic needle and gamma spectroscopy of the dril l ings,  showed 
only one major gamma act ivi ty  that  of cesium. Approximately two-thirds 
w a s  134Cs and one-third w a s  117C!s; the decrease i n  concentration with in- 
creasing penetration suggested tha t  the cesium was deposited by xenon that  
diffused into the graphite, but there were discrepancies that  prevented 
establishment of t h i s  mechanism with certainty. 

Experiment 4'7-3 

While it appeared from the preliminary trials tha t  nothing drastic 
happened t o  graphite when irradiated i n  the presence of fuel, there were 
s t i l l  several. questions on which further information w a s  desired. 
example, the matter of the penetration of the moderator by fuel  w a s  suf- 
f ic ient ly  important t o  require further confirmation. 

For 

A 1 t o  Z$ permeation of the graphite by fuel could be tolerated i n  
But, should penetration a t t a in  o r  exceed the 4% ac- reactor operation. 

cessible voids i n  the graphite, as might occur i f  the wetting character- 
i s t i c s  changed during operation, serious d i f f icu l t ies  with reactor control 
could be anticipated. 
serious one the MSRE faced; several design features such as an increased 
ra t io  of core volume occupied by fuel  t o  tha t  occupied by moderator, di- 
lut ing the 235U content of the salt, and increasing the capacity of the 
control elements were invoked t o  reduce the seriousness of a change i n  
wetting behavior t o  manageable proportions. But there w a s  s t i l l  a ques- 
t ion  regarding the extent of f iss ion fragment damage tha t  could occur i n  
the matrix of permeated graphite. 

In i t ia l ly ,  this problem w a s  thought t o  be the most 

A s  far as was  known a t  the time, radiation-induced wetting m i g h t  
have been caused by two possible paths: 
sion of the molten salt by f iss ion products and (2) a l terat ion of the 
surface energy of the graphite by ei ther  radiation damage or chemical 
interaction such as the formation of carbides or interlamellar compounds, 
although most of such mechanisms appeared unlikely. 
varying degrees of graphitization had been shown t o  exhibit no wetting 
by the fuel, there w a s  l i t t l e  reason t o  suspect that damaged graphite 
would show an enhanced tendency t o  wet. 

(1) changes i n  the surface ten- 

Since graphites of 

I n  evaluating the integrity of the moderator, one factor which was  
considered w a s  the stripping of the surface of carbon atoms by the energy 
deposited i n  the surface layer by f iss ion fragments. 
tha t  each f iss ion fragment striking the surface sputters 20 carbon atoms, 
and tha t  the m e a n  fragment range normal t o  the surface was 10 p, then for  
lo9 fragments/sec incident on 1 cm2 of surface, 2 x lo1' carbon atoms 
would be sputtered per cm2 per second, 
layer per day, a relatively negligible amount of graphite. 

If it were assumed 

This amounts t o  about one atom 

Another potential  problem centered on the possibil i ty tha t  a portion 
of voids near the surface of the graphite might become occupied by salt 
and that  f iss ion heat produced i n  these regions might develop more rapidly 
than it could be removed by thermal transport. 
mentation of the surface layer adjacent t o  the void, but probably the salt 
would merely expand into interconnecting voids. 

This could lead t o  frag- 
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The f iss ion fragment range i n  graphite i s  about 20 p, and graphite 

within th i s  distance of the fuel  could be severely damaged. L i t t l e  i s  
known about the nature of f iss ion fragment damage i n  graphite; but, i f  
it is an accentuation of the effect  of fast neutrons, it could conceiv- 
ably cause contraction t o  such a degree that microscopic checking would 
occur. Progressive and cumulative fission fragment damage could then 
proceed, with a resulting spalling off of surface material. 

S t i l l  another problem was the possibil i ty of chemical attack by re- 
active fission products. The two most l ikely agents, because of both 
chemical behavior and f iss ion yield, were the halogens bromine and iodine. 
It is  well known that halogens form intercalation compounds with graphite. 
Extensive compound formation leads t o  a separation of the graphite layers 
and eventual breakup of the material. 
i n  the atomic s t a t e  only  during an exceedingly brief transitory period, 
and the i r  concentration would probably be t o o  low t o  give a detectable 
amount of reaction. 

I n  the fuel  the halogens would exis t  

During steady irradiation, iodine reaches a maximum yield of 0.13 
atom/fission at  lo4 sec, from which it declines t o  a s m a l l  value at 
longer times. A t  the end of 10 days' operation, the surviving yield i s  
only about 0.03 atom of iodine per fission, and t h i s  would be i n  the form 
of iodide under reactor operating conditions. The bromine accumulation 
is  lower than th i s  value by an order of magnitude. Therefore, chemical 
attack i s  not expected t o  be a serious factor for  moderator integrity. 

The extent of carburization of the reactor vessel o r  the metal com- 
ponents is  another de ta i l  that requires consideration. Mild carburization 
is  of l i t t l e  concern, but enough carburization t o  cause a hard case i s  
another matter. 
graphite pieces from contacting structural  members t o  avoid damage from 
carburization i n  the MSRF:. 

Sacrif ic ia l  pieces of INOR were used t o  prevent the 

Description of Experiment 

Relatively extreme exposure conditions were used t o  accentuate the 
A power density of 200 w/cm3 

consequently, the fou r  

effects of fissioning i n  Experiment 47-3. 
w a s  developed by adjusting the concentration of 235UF4 t o  1.5 mole $ 
stead of the 0.3 mole $ t o  be used i n  the MSRF:. 
3-week cycles i n  the MTR, accumulating 1594 hr at  power, gave a burnup 
of 8.5% i n  comparison with the 6$,/year anticipated for  the MSRF: at 10 Mw. 
The contact angle of the fuel  meniscus was chosen as a convenient and re- 
l i ab le  index of possible changes i n  wetting. 

in- 

To make the contact angle manifest, a ver t ical  blade of graphite was 
arranged t o  dip into a pool of fuel (11.4 g o r  5 m l )  i n  a graphite boat, 
as shown i n  Fig. 1. A step along a portion of the length of the bottom 
o r  submerged edge of the blade extended t o  within 1/16 in. of the floor 
of the pool of salt; molten fuel, w i t h  a surface tension of about 200 
dynes/cm, does not normally penetrate a 1/16-in. crevice without pres- 
surization, and thus another device f o r  detecting wetting behavior w a s  
incorporated i n  the capsule design. 

s 
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L 
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Fig. 1. MSRF, Graphite-Fuel Capsule Tes t ,  ORNL-MTR-47-3. 

There w a s  room i n  the irradiated assembly for  four capsules holding 
boats 3 in. long by 1-1/4 in. wide. 
and t o  answer questions regarding the effects of penetrated fuel, two of 
the boats were prepermeated with fuel. 
ferring fuel  into a previously evacuated container holding AGOT graphite 
boats and using an overpressure of 60 psig of helium above the submerged 
boats. 
of fuel t o  penetrate the boat (66 g). The fuel  was LiF-BeF2-ZrF4-ThF4- 
UF4 (69.5-23-5-1-1.5 mole $) purified by treatment at 800°C with HF and 
H2. 
R-0025 graphite, a relatively impermeable grade. 

To provide a contrast i n  behavior 

This w a s  accomplished by trans- 

AGOT graphite i s  sufficiently permeable that  t h i s  allowed 9 g 

The other two boats, as well as a l l  the blades (3/16 in. wide), were 

To gain further information from the irradiation, coupons of INOR-8, 
p y r o w i c  graphite, and molybdenum were attached t o  the blade i n  a manner 
such tha t  the l iquid level  of the fuel extended half way up the coupons. 
This w a s  t o  provide a contrast between vapor and l iquid contact. 

The capsules were arranged i n  the sodium bath so tha t  capsules 3 
and 8 were at  the top and bottom of a diamond array, and capsules 1 5  and 
16 were at the midplane. The upper capsule ran hotter than the lower one 
because of thermal convection i n  the sodium. 
fuel  i n  the graphite boats (3 and 8) ran hotter than the capsules with R- 
0025 graphite boats (15 and 16). The result ing temperatures, as given i n  
Table I, were relat ively high i n  comparison with MS€E operating tempera- 
tures. 

Capsules with preimpregnated 
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Table 1. Time-Averaged Operating Temperatures and Identification of Irradiated Capsules 

Average Operating Temperature ("C) ~- - -  

Thermocouple Capsule Graphitea Pretreatment Fuel, Blade Boat,, 
M a x i m M l  Fuelb Fuel NO. 

(estimated) (estimated) (estimated) in Graphite 

1 15, 16 R-0025 20Oo0C in V F ~ C U U ~ ~ ~  835 790 730 710 
~ 

8 AWJ! Preimpregnated with 850 810 750 730 

3 AGOT Preimpregnated with 945 900 850 825 

9 g of fuel  

9 g of fuel  

! 

I 
%-GO25 graphite i s  relatively impervious compared t o  A m .  
bInterface temperatures; no allowance for  films at the fuel  interface w a s  made. 

1 

Results of Experiment 

After irradiation w a s  completed, on July 27, 1961, the in-pile as- 
sembly was dismantled. 
metically sealed dr i l l ing  r i g  so tha t  the released cover gas could be 
collected by a Toeppler pump for  analyses. 

The individual capsules were punctured by a her- 

Although the main resul ts  of the experiment were that  no change i n  
wetting behavior had occurred, the most surprising resul ts  were found i n  
the gas analyses shown i n  Table 2. As  could be l a t e r  surmised, i n  l ight  
of subsequent experiments, the CF4 that w a s  found came from F2 evolved 
from radiation damage t o  the fue l  a t  room temperature (during intermediate 
shutdown periods of the MCR). 
3 and 8 as contrasted w i t h  15 and 16 is  believed t o  be a consequence of 
higher F2.yield i n  capsules 15 and 16. 
that the expected amount of xenon is  found i n  capsules 3 and 8 but i s  

The much lower yield of CF4 from capsules 

This i s  consistent w i t h  the fact 

I Table 2. O f f - G a s  Compositions 

(averaged values from mass spectrometric results obtained at ORNL and BMI) 

components (vol $) Capsule a 3  
Sampleda A i r b  Be cF4 Xe Kr co, Arc No. 

15 10 5.84 80.6 9.85 0.012 1.40 0.04 2.29 
16 19 22.75 61.45 8.73 0.003 1.14 4.73 1.62 
8 7 5.36 76.9 2.32 11.82 1.96 0.11 4.20 

3 17 4.57 79.6 0.67 ll.43 1.78 0.10 0.96 
10 7.38 87.0 <0.0003 0.17 5.54 a Control 

a 

bMainly Inleakage t o  the evacuated release chamber while dr i l l ing the capsules. 
'Argon was supplied as a blanket gas for the welding arc used in  a helium- 

%!he control w a s  heated through cycles roughly corresponding t o  the thermo- 

Apparent volume of gas transferred from gas-release chamber. 

atmosphere glove box t o  seal  the capsules. 

couple reading vs time for capsules 15 and 16. 
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missing from capsules 15 and 16. 
the presence of sufficient F2 t o  form the relatively nonvolatile xenon 
fluorides, although, indeed, the existence of such compounds w a s  not dis- 
covered u n t i l  a f t e r  the low xenon yields had remained a perplexing problem 
for  months. 
perplexing u n t i l  it w a s  realized tha t  F2 which had evolved at room tem- 
perature had been responsible. 
two types of capsules has not been explained but i s  thought t o  be related 
t o  the freezing history of the crystals. 
one hypothesis, produces crystals tha t  are both larger and l e s s  strained 
and, consequently, l e s s  vulnerable t o  radiation damage. This could con- 
ceivably account for  the low F2 yields i n  capsules 3 and 8, which con- 
tained prepermeated graphite and could have cooled more slowly than 
capsules 15 and 16. 

A lack of xenon is  now associated with 

Needless t o  say, the formation of CF4 had a lso  been quite 

The difference i n  the F2 yields i n  the 

Slower freezing, according t o  

There w a s  sufficient potential cause for  alarm i n  the results of the 
gas analyses that the gas behavior tended t o  eclipse the i n i t i a l  purpose 
of the t e s t s  and the important favorable results i n  regard t o  the persist-  
ence of nonwetting behavior. 
same as tha t  of the control specimens and showed definitely nonwetting be- 
havior toward graphite; the metal coupons were wetted. Fuel w a s  not found 
i n  the 1/16-in. clearance between the blade and boat but did f i l l  the region 
under the blade, where the clearance was 1/8 in. The nonwetting behavior 
w a s  confirmed by metallography of the graphite, which showed no evidence of 
penetration by salt. 

The meniscus of the irradiated fue l  w a s  the 

Dimensions of the graphite parts did not change within the precision 
tha t  measurements i n  the hot c e l l  were made; changes greater than 0.1% 
should have been detectable. 
since they represented the combined effect  of broken or l o s t  graphite, of 
d i s t i l l ed  salt condensed i n  the pores, and of some sticking salt tha t  w a s  
d i f f icu l t  t o  remove. The information from weight changes w a s  a t  least 
indicative of no pronounced permeation of the graphite by fuel. 

Weight changes were not very meaningful 

The electrical resistance of the graphite approximately doubled as a 
resul t  of the irradiation; such increases have been attributed t o  trapping 
conductance electrons i n  defects induced by radiation. 

I n  looking for evidence of damage t o  the surface of the graphite, 
particular attention was  paid t o  hardness tes t s .  
urements on the R-0025 graphite increased from about 94 t o  108 as a result 
of the exposure. The hardness of the AGCYT graphite boats increased from 
about 56 t o  about 80 as a resul t  of preimpregnation with salt,  and the 
readings a f t e r  radiation were not significantly higher. Most importantly, 
no differences were found between regions under the salt pool and chambers 
i n  the same boat; this w a s  indicative that no measurable sloughing of the 
surface w a s  occurring i n  response t o  f iss ion fragment damage. 

Rockwell hardness meas- 

Autoradiography and gamma-ray spectrometry were used t o  study the dis- 
tr ibution of act ivi ty  i n  the capsule; no consistent patterns of unusual 
interest  were found. I n  general, it was noted tha t  the principal act ivi ty  
w a s  Zr-’’Nb and tha t  103-106Ru tended t o  plate out at  fuel  interfaces. 
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Visually and photographically, the INOR-8 coupons i n i t i a l l y  appeared 
undamaged, although weight changes and metallography showed that the ex- 
treme conditions encountered by coupons had indeed caused appreciable 
amounts of corrosion. The extent t o  which the effects of F2 are shown i n  
the resul ts  i s  d i f f icu l t  t o  assess but i s  probably large. The INOR-8 
specimens l o s t  about 1.5 m i l s  i n  thickness and were carburized t o  a further 
depth of 1 t o  2 m i l s .  
fluorine yield) appeared visibly much l e s s  corroded than those from cap- 
sules 15 and 16, i n  which the submerged molybdenum edges were corroded t o  
resemble a knife blade. 
mg, or 15%, of i t s  weight, and the thickness of molybdenum from capsule 
16, originally 20 m i l s ,  varied from 7.5 t o  13 m i l s .  

Molybdenum specimens from capsules 3 and 8 ( l o w  

The molybdenum sample from capsule 15 l o s t  39 

Three of the pyrolytic-carbon samples showed no abnormalities i n  
the metallographs o r  i n  dimensions, w i t h  the exception of a thin, un- 
identified black fi lm on the specimen from capsule 16. 
capsule 15, however, showed a thickness decrease of 7 t o  12 m i l s ,  and 
one spot of the metallographic cross section showed a leafing open of 
several layers of pyrolytic carbon at the surface. The r e s t  (more than 
95%) of the section appeared normal metallographically, w i t h  the u s u d  
incidence of cracks paral le l  t o  the carbon layers. The observed damage 
i n  th i s  carbon may be related t o  the high-yield CF4 i n  the cover gas from 
th i s  capsule; however, the possibil i ty of mechanical damage during dis- 
mantling may not be excluded. 

The sample from 

I n  general, the coupons underwent worse corrosion than w a s  encountered 
i n  other capsule parts of t h i s  or subsequent experiments that presumably 
involved comparable amounts of F 2 ;  the extreme temperatures were the most 
obvious difference and must therefore have been primarily responsible for  
the accentuated corrosion. 

Experiment 47-4 

A t  the time the CF4 w a s  encountered during the postirradiation ex- 

The F2 that undoubtedly ac- 
amination of Experiment 47-3, the origin of the CFr, w a s  not known except 
that  it was  coming from graphite and fuel. 
companied the CF4 escaped detection i n  the gas t r a in  used for  the col- 
lection and analysis of gas; the F2 reacted before it could be detected. 
Since fue l  and graphite were not thermodynamically expected t o  react, 
the origin of the CF4 w a s  very perplexing. 
formed at  the fuel-graphite interface could somehow make  i ts  way into 
the voids i n  the graphite and there be preserved from reacting with the 
fuel  i n  the manner that would have been expected for  thermodynamic equi- 
librium. 
w a s  a pool of fue l  i n  a graphite boat, would have favored isolation of 
the C F 4 .  Accordingly, a new experiment w a s  designed, i n  which central  
graphite cores were submerged i n  ver t ical  cylinders of fuel. 
figuration w a s  pictured as perhaps accumulating CF4 i n  the voids i n  
graphite; but because of the submersion of the graphite, the CF4 could 
not make i t s  way t o  the capsule vapor space without a good opportunity 
t o  react w i t h  the fuel. 

It w a s  assumed that CF4 

The configuration i n  the capsules of Experiment 47-3, which 

This con- 
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Descrirhion of ExDeriment i I JJ 
I 

1 -  

The 47-4 assembly contained s i x  capsules constructed of 1/16-in. - 
walled INOR-8 tubing. Each of four large capsules, Fig. 2, w a s  1 in. i n  
diameter, 2.25 in. tall, and contained a CGB graphite core (1/2 in. i n  
diameter by 1 in. long) submerged approximately 0.3 in. i n  about 25 g of 
fuel. The fuel  generated from 67 t o  117 w/cm3, depending upon capsule 
location. 

Two smaller capsules of the type shown i n  Fig. 3 were designed t o  
study the effect  of power density and temperature; they contained fuel  
t o  operate a t  43 and 260 w/cm3 a t  720 and 900°C respectively; and, be- 
cause they had graphite l iners  tha t  extended into the gas space, they 
were thought t o  provide a favorable configuration for the accumulation of 
CY4. The experiment w a s  irradiated i n  the MI'R from March 12 t o  June 4,  
1962, again i n  a molten-sodium heat transfer medium. 

The large capsules were f i l l e d  by a transfer of molten fue l  of the 
nominal composition LiF-BeFz-ZrF4-ThF4-UFh (70-23.3-5-1-0.7 mole 4 ) .  
small capsules were loaded with molded ingots of about 10 g of fuel, and 
i n  one of them a UF4 concentration of 1.4 mole k w a s  used. 

Exposure data for  assembly 47-4 are summarized i n  Table 3. 

The temperature at the graphite-fuel interface w a s  730OC. 

The 

I UNCLASSIFIED 
ORNL-LR-DWG 67744R 

Cr- AI THERMOCOUPLE T;li;YOCOUPLE 
NICKEL POSITIONING LUGS (2 )  

NICKEL FILL LINE NICKEL VENT LINE 

HELIUM COVER 
(3.5 cm3) 

PUNCTURE At33 
FOR GAS SAMPLING 

MOLTEN SALT FUEL 

CGB GRAPHITE 
2.1 cm2 INTERFACE 

INOR-8 CENTERING PIN 

1 - 
NICKEL POSITIONING LUG El- 0 v2 l 

INCH 

UNCLASSIFIED 
ORNL-LR-DWG 67745 

NICKEL POSITIONING LUG loi 
PUNCTURE AREA FOR 

GAS SAMPLING HELIUM COVER GAS 

INOR- 8 CAN 

NICKEL POSITIONING LUG - 0 '12 

INCH 

U 

Fig. 2. Experiment MTR-47-4, Fig. 3. Experiment MTR-47-4, 
Large Capsule. Small Capsule. 



Table 3. Exposure Data for Capsules in Assembly 47-4 

Calculated Temperature ("C) Fast-Neutron 
(>3-Mev) Flux Power 
Based on 58C0 Graphite-to-Salt INOR-8-to-Salt Density Burnup 
Activation InterfaceC Interfaceb (w/cm3) (k 2358) 

ThergaLNeutron 
Flux Based on 
6oCo Activation Capsule Content 

(neutrons cm+ 5ec-l) sec-l) (mol@ 4 6 )  No. 

Large 
12 0.7 
24 0.7 
36 0.7 
45 0.7 

s m a l l  
4 1.47 
6 0.7 

2.10 
2.70 

2.71 
3.85 

4.79 
1.31 

2.1 
3.2 
3.3 
3.8 

5.2 
1.3 

680 
760 
710 
710 

Central Region 
("C) 

895 
. 715 

610 67 5.5 
605 83 7.0 
595 85 7.0 
600 117 9.7 

260 ll.4 
43 1.3 

a 

'Estimated temperatures. 
Average external neutron flux. 

Thermocouple readings prior to termination of final irradiation cycle. C 
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Results of Experiment 

After 1553 hr of exposure between March 12 and June 4, 1962, the ex- 
periment w a s  returned for  disassembly i n  ORNL hot cel ls .  
again were punctured t o  obtain gas for  analysis. The gas was delivered 
into a calibrated collection system t h a t  had been evacuated and checked 
fo r  leaks. A Toeppler pump w a s  intended for  use i n  transferring gases 
collected a t  low pressures. 

The capsules 

The analyses were made by m a s s  spectrometry. 

Capsule 6, one of the crucible types, which had received the minimum 
exposure i n  the assembly, was the f i r s t  t o  be punctured; i t s  cover gas 
w a s  found t o  contain 4.2 vol 5, or 0.07 em3, of CFC,, which did not seem 
surprising i n  view of the fact  tha t  CF4 had been found i n  the 47-3 series. 

The next capsule t o  be punctured was No. 24, and considerable amaze- 
ment prevailed when the cover gas w a s  found t o  be predominantly F2 gas. 
The F2 was  first noticed when the mercury i n  the Toeppler pump w a s  black- 
ened by the transferred gas. 

It w a s  necessary t o  rebuild the gas-collection system of nickel and 
t o  pretreat  the nickel with fluorine i n  order t o  provide the capability 
of measuring fluorine. 
of the capsules was analyzed; the results are shown i n  Table 4. I n  the 
extreme case (capsule 4 5 ) ,  about 3.55 of the t o t a l  fluoride i n  the capsule 
w a s  converted t o  F2 or CF4 i n  the gas phase; the result ing pressures were 
50 atm of F2 and a tenth tha t  much CF4. Fortunately, these figures were 
high enough tha t  it appeared very implausible tha t  the F2 could have been 
present at  operating temperatures. A l l  the evidence combined t o  support 
the suggestion tha t  the fluorine w a s  evolved from low-temperature radia- 
t ion  damage t o  the frozen fue l  rather than high-temperature radiolysis 
of molten fissioning fuel. The CF4 could then be explained as being de- 
rived from the subsequent interaction of the fluorine with graphite (per- 
haps i n  the brief period of temperature r i s e  a f t e r  the MTR shutdown was 
concluded). Two other factors were associated w i t h  the presence of F2. 
I n  the first place, whenever F2 w a s  found, xenon was absent. This w a s  
recognized t o  be a consequence of the then newly discovered compounds of 
xenon and fluorine. I n  the second place, a prominent radioactivity due 
t o  129Te accompanied the F2 and hampered studies of the gas. 
forded a contrast between the mildly reducing conditions anticipated at  
operating temperatures where no 129Te act ivi ty  was  expected and conditions 
such tha t  F2 w a s  being produced, i n  which case 12’Te act ivi ty  was volat i l -  
ized from the salt as TeF4 o r  TeF6. 

have reacted violently with the graphite and noticeably with the INOR-8. 
A longitudinal section through capsule 24 (Fig. 4 )  did not reveal any 
visual evidence of corrosion of metal o r  damage t o  graphite. 
lographic examination of a section of the w a l l  of t h i s  capsule (Fig. 5) 
showed no evidence of damage. 

When t h i s  w a s  done, the gas from the remainder 

This af- 

A t  these temperatures, fluorine at  any appreciable pressure should 

A metal- 

Assuming that half of the decay energy released during the 95-day 
cooling period w a s  absorbed i n  the fuel, a G value of 0.035 (molecules 



Table 4. Data on F2 and CF4 Produced Following an Exposure of Experimental Assembly 
ORNL-MIR-47-4 t o  an Integrated Flux of 1020 neutrons/cm2 

Krypton Xenon Decay Total F Total F Fission 

Identification Density 
of F i n  Gas 

per Millimole of Period i n  Gas Converted Found Found Capsule Power a 

(F of theoretical)  (% of theoretical)  U Burned (days) (med t o  CF4 ($1 ( w/cm3 1 
b Small capsules 

6 43 145 

4 260 85 
b Large capsules 

. 36 85 125d 

24 83 140 

45 117 65 

12  67 130 

140 
0 

0.2 63 0.012 100 
23.4 137 8.6 8.5 

28.0 

59.6 
61.5 

72.9 

71 8.2' 31.4 

95 17.2 18.2 

134 25.3 15.5 

141 16.7' 57.2 

Calculated from cobalt ac t iv i ty  i n  s ta inless  s t ee l  dosimeter wire. a 

"Capsules l i s t e d  i n  order of sampling. 

'An average based on Kr-to-He and Kr-to-CF4 rat ios  i n  three confirmatory samples; direct  analyses from the first 

C Flourine analyses were corrected t o  include fluorine reaction products formed during sampling. 

samples were higher by a factor  of 2. 



I '  I 

265 

Fig. 4. Cross Section of Capsule 24 Embedded i n  Resin. 
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Fig. 5. Longitudinal Section at  Bottom of Wall of Capsule 24, MTR- 
47-4. 

of F2 per 100 ev of energy absorbed) would have been required t o  produce 
the fluorine found i n  capsule 36. 
i n  the amount of F2 production from different capsules w a s  apparent. 

However, a wide and puzzling variation 

Subsequently, all the capsules were opened f o r  examination. Although 
the fue l  w a s  darkened by radiation damage t o  the point tha t  it appeared 
black, the fue l  showed no unusual tendency t o  crumble or shatter. 
b i t  of curious behavior, not found i n  the out-of-pile controls, w a s  the 
occurrence of bubbles i n  the fuel. 
a t  the bottom hemispherical section of the capsules and appeared t o  be 
associated with nonwetting of the metal by fuel. 
t o  have been formed i n  response t o  the difference i n  helium solubili ty 
along the temperature gradient i n  the capsule. 

One 

The bubbles were attached t o  the metal 

The bubbles are thought 

Metallographs of the metal and of the graphite were prepared. There 
was  no evidence of attack on the INOR-~ and, with one exception, the same 
w a s  true of the graphite. 
l iner .  
appeared t o  have been attacked by fluorine. 

Capsule 4 contained graphite i n  the form of a 
The portion of the l i ne r  tha t  projected above the l iquid leve l  

V 
8 . 
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S m a l l  samples of salt from the irradiated capsules have been examined 
carefully w i t h  the optical microscope t o  determine the nature of the crys- 
t a l l i ne  material. These materials are, i n  general, and as i s  frequently 
the case fo r  rapidly cooled specimens, too f ine grained t o  be positively 
identified. 
capsule 24 has been shown t o  contain the normally expected phases, though 
some are discolored and blackened; these phases included "LIF*GT~Fc,, which 
w a s  shown t o  contain UF4 (green i n  color) i n  solid solution. 
certain, therefore, tha t  the uranium was not markedly reduced at  the time 
the fue l  w a s  frozen. 

However, a sample from near the graphite at  the center of 

It seems 

An attempt was made, with capsule 35, t o  remove the salt by melting 
under an iner t  atmosphere t o  provide representative samples for  chemical 
analysis and, especially, for  a determination of the reducing power of 
the fluorine-deficient salt. 
since only about one-half of the salt w a s  readily removed i n  th i s  way. 
That portion which melted and flowed from the capsule was green i n  color 
and obviously contained some tetravelent uranium. 
highly reduced - 2% of the fluorine, approximately equivalent t o  that as 
UFI,, had been l o s t -  melting of the material would be expected t o  result 
i n  deposition of some metal; t h i s  metal may have resulted i n  a high-melting 
heel of uncertain composition. 

"his melting operation w a s  not successful 

Since the salt was  

A variety of chemical analyses were performed on materials from these 
capsules. 
of the analyses. 

No evidence of unusual corrosion behavior w a s  observed i n  any 

Sal t  specimens have been examined by gama-ray spectrometry t o  eval- 
uate gross behavior of f iss ion product elements. 
act ivi ty  appears t o  be concentrated near the bottom of the capsules; th i s  
may indicate i t s  existence largely i n  the metallic s t a t e  so that a gravity 
separation could occur. C e r i u m  as w e l l  as zirconium-niobium act ivi ty  ap- 
pears, as expected, t o  be f a i r ly  evenly distributed i n  the fuel. 
cesium, with some zirconium-niobium ac t iv i ty , i s  found on metal surfaces 
exposed t o  the gas phase. 

In  general, the ruthenium 

Some 

A f t e r  the  graphite cores were removed from capsules 45 and 12 and 
examined, they were stored i n  screw-cap p las t ic  bott les f o r  5 months. 
necessary manipulation involved many hours of exposure t o  ho$-cell air. 
On removal from storage, the graphite w a s  heated t o  1000°C under vacuum, 
and the evolved gases were collected f o r  analysis by mass spectrometry. 
Xenon w a s  recovered i n  an amount of 7.5% of the originally anticipated 
yield on the basis of the burnup. 

The 

The xenon fluorides should not have remained as such i n  the graphite 

The XeO3 molecule has 
during the long exposure t o  air  because of both the i r  sublimation pressure 
and the i r  reactivity t o  form the nonvolatile XeO3. 
a dipole moment and should adsorb on graphite much more readily than the 
symmetricaJ. XeF4; however, the dipole moment of XeO3 is probably not large 
because of the compensating effect  of the unshared electrons on the xenon 
atom a t  the apex of a triangular pyramid with three oxygens at  the base 
at Xe-0 distances of 1.76 A and 0-Xe-0 angles of 103'. Oxygen that m i g h t  
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have resulted from decomposition of Xe03 during heating w a s  apparently 
converted t o  CO. 

Large pieces of sample (0.8 g or  more), fo r  which the ra t io  of m a s s -  
to-surface area originally exposed t o  the salt was  similar t o  tha t  fo r  
the ent i re  core of the E R E ,  were analyzed chemically t o  produce the data 
shown i n  Table 5. 
uranium, lithium, and molybdenum were selectively concentrated i n  the 
graphite; analyses from capsule 36, whose fuel  was removed by melting, 
were not notably different from the others. 
osit ion i n  the graphite occurred i s  not known; but subsequent examinations, 
including metallography, agreed w i t h  the chemical analyses tha t  it was  not 
by penetration as fuel. 
examination showed tha t  there w a s  no deposition of uranium i n  or on the 
metal (INOR-8) capsule w a l l s .  

These data show that  of a l l  constituents of the fuel, 

The mechanism by which dep- 

- 
Tests by chemical leaching and by metallographic 

Circular cross sections of the graphite cores were activated i n  the 
ORNL Graphite Reactor at a flux of 5 x LO” neutrons 
Contact autoradiography before and after the activation showed that the 
uranium w a s  i n  the outer rim, and gamma spectrometry provided a measure 
of the amount present. The resul ts  by activation analyses are compared 
w i t h  those by chemical analyses i n  Table 6. The chemical analyses sug- 
gest a correlation of deposited uranium w i t h  power level  (or perhaps w i t h  
the  consequent rate of F2 generation after irradiation). Analysis by 
neutron activation, which should probably be preferred because of the 
simplicity and directness of the technique, does not support such a cor- 
relation. Both analyses, however, show the deposition t o  be substantial; 
i f  the graphite contains 1mg of uranium per gram, it has taken up about 
0.5% of all uranium i n  the capsule. 

see-’ f o r  8 hr. 

Contact autoradiography showed a high concentration of radioactivity 
from f iss ion products (presumably mostly from daughters of gaseous prod- 
ucts) t o  a depth of about 0.2 mm i n  the periphery of the graphite cross 
sections. 
t ivi ty;  t h i s  indicated tha t  the uranium was i n  the same region as the 
fission products. 

Neutron activation did not appreciably affect  t h i s  radioac- 

A closer resolution of the uranium distribution was  obtained from 
x radiography by a technique (recently developed i n  the ORNL Metals and 
Ceramics Division) i n  which the interference from f iss ion product act ivi ty  
is  negligible. 
depth of less than 0.05 mm; however, there were also fringed proliferations 
tha t  extended perhaps three times as deep. 
t i f ica t ion  by x-ray diffraction are nearing completion, but nothing is  
yet  known of the chemical form of the uranium i n  the graphite. 

The main deposit of wanium penetrated the graphite t o  a 

Fac i l i t i es  for  attempted iden- 

It seems clear that uranium i s  deposited i n  the outer layers of the 
graphite but not on or  i n  the metal w a l l  and tha t  uranium, lithium, molyb- 
denum, and other metallic constituents of INOR-8 are deposited i n  the 
graphite i n  preference t o  beryllium, zirconium, and thorium. Mechanisms, 
such as oxidation t o  UF6 or reduction t o  UF, and t o  uranium and formation 
of UC2, for  which the situations resulting from F2 release m i g h t  provide 



Table 5. Chemical Analyses on Samples from Om-MTR-47-4 Graphite-Fuel Compatibility Test 

Composition ( w t  $) 
U Li Zr Be Th Ni Cr Fe Mn Mo 

0.0096 Original Are1 3.89 11.6 10.1 4.8 5.8 0.0025 0.0024 

Irradiated fuel 
Capsule 12 3.36 <0.018 <0.004 4.004 4.001 <0.013 

4.08 
Capsule 45 3.96 

3.81 
0.016 <O .007 <O ,007 <O. 007 <O. 025 

iv 
D 
u3 

Graphit e 
Capsule 12 0.136 0.04 4.017 0.0008 ma 0.013 0.014 ma 0.019 0.062 
Capsule 24 0.214 0.052 0.0054 0.003 0.015 4.012 <O .015 <O ,005 0.089 
Capsule 36 0.13 0.06 0.ocYt 0.0003 4 . 0 3  0.01 <O .006 0.04 
Capsule 45 0.523 0.062 <0.016 0.002 ma 0.01 0.04 ma 0.01 0.062 
Capsule 3Ab 0.00088 4.001 0.00003 0.012 0.004 0.067 <O .014 <O .035 

&ND, not detected. 
bunirradiated control capsule. 
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Table 6. Uranium in ORNL-MTR-47-4 Graphite 

Power a Chemical Activation 
Analysis Analysis Capsule Sample Density Location (w/cm3) (mg of u Per g) (mg of u Per g) No . 

12 67 D 1.3 
24 83 B 

C 
D 

0.6 
1.5 

2.1 
45 117 B 1.5 

C 1.4 
D 5.2 

36 85 A 0.7 
B 1.2 
D 1.3 

~ 

&Nominal power density in fuel surrounding graphite. 
bRelative locations along core, top to bottom, are designated &D. 

i 

appropriate conditions can be imagined. 
ever, predicts in detail the observed behavior, and they all appear even 
less applicable at high (reactor-operating) temperatures where no off- 
equilibrium behavior has been demonstrated. Additional experiments were 
necessary to decide whether these deposition phenomena can be a problem 
in the MSRF: or are an artifact of our present experimental procedures. 

None of these mechanisms, how- 

Conclusions from MTR-47-4 

Of the six capsules in assembly 47-4, five were found to contain 
large quantities of F2 and CF4 while the sixth, which had received a 
considerably smaller radiation dose, showed a small quantity of CFC, but 
no F2. This latter capsule alone yielded the expected quantity of xenon 
while all others retained this element nearly quantitatively. The qua- 
tity of F' released from the fuel melt generally increased with increase 
in uranium fissioned ( o r  any of the consequences of this), but no quan- 
titative correlation was found. 
ratio CF4:Fz showed an obvious correlation with fission rate, burnup, o r  
time of cooling before examination. 

Neither the quantity of CF4 nor the 

The appearance of the opened capsules and all completed examination 
of components from these seem to preclude the possibility that the F2 
was present for any appreciable period during the high-temperature op- 
eration of this assembly. Accordingly, the generation of F2 from the 
salt at low temperatures during the long cooling period must have oc- 
curred. 
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Considerable energy is ,  of course, available from f iss ion product 
decay t o  produce radiolytic reactions i n  the frozen salt, and the quantity 
of energy increases w i t h  burnup of uranium i n  the fuel sa l t .  
s m a l l  as those can absorb’only a s m a l l  fraction of the gamma energy re- 
leased by f iss ion product.decay. On the other hand, a substantial frac- 
t ion (perhaps as much as one-half) of the beta energy would be absorbed. 
A yield ( G  value) of l ess  than 0.04 fluorine atom per 100 ev absorbed 
would suffice t o  produce the fluorine observed i n  any capsule. Production 
of F2 with such a low G value seems a reasonable hypothesis, though no ob- 
servations of fluorine production from salts on bombardment by beta irra- 
diation had been published. 

Capsules as 

Experiment 47- 5 

Assembly ORML-MTR-47-5 w a s  designed, a f te r  the observations of CFr, 
i n  the gas space i n  capsules from 47-3 referred t o  above, t o  include s i x  
capsules of INOR-8; four of these capsules contained graphite specimens 
such tha t  a large variation i n  salt-graphite interface area and i n  the 
r a t io  of graphite area t o  metal area i n  contact with s a l t  was provided. 
The other two capsules, whose behavior i s  described below, were generally 
similar t o  the large capsules of assembly 47-4. However, these capsules 

UNCLASSIFIED 
ORNL-LR-DWG 71570R 

,,--INOR-e THERMOCOUPLE WELL 

Fig. 6. Assembly MTR-47-5 Purged Capsule. 



272 . 
. -. 

I 

included additional vapor space above the molten salt, and each w a s  pro- 
vided with in l e t  and out le t  gas l ines  extending t o  manifold systems be- 
yond the reactor. It w a s  possible, accordingly, t o  sample the cover gas 
above the melt during reactor operation as well as during and a f t e r  re- 
actor shutdown. 

The two purged capsules, referred t o  as 3 and 4 i n  the following and 
i l lus t ra ted  i n  Fig. 6, were 0.050-in.-thick INOR-8 ver t ica l  cylinders, 1 
in. i n  diameter by 2.25 in. long, with hemispherical end caps. Each cap- 
sule contained a core of CGB graphite, 1/2 in. i n  diameter by 1 in. long, 
submerged t o  a depth of approximately 0.3 in. i n  about 25 g of salt. The 
top cap contained two 1/4-in. -d im purge l ines ,  a 1/8-in. -d im thermocouple 
well, and a projection t o  keep the graphite submerged. 
differed only i n  the composition (primarily i n  the uranium concentration) 
of the fue l  salt. Table 7 shows the nominal composition of the salt mix- 
tures i n  each capsule. 

The two capsules 

Table 7. Fuel Composition 

Specific gravity at  1200°F: 2.13 
Liquidus, OF: 842 
Thermal conductivity at  1200°F, Btu hr-' ft-* ("F)-l f t :  
Specific heat at  1200"F, Btu lb-I ("F)": 

3.21 
0.455 

Component Composition (mole $1 
Capsule 3 Capsule 4 

LiF 

BeF2 

67 . 19 
27.96 

67.36 
27.73 

ZrF4 4.51 4.26 
m4 0.34 0.66 

Preparation of the salt and handling and f i l l i n g  operations were 
very similar t o  those described for  assembly 47-4 above, with the ex- 
ception tha t  the f i l l i n g  w a s  accomplished with frozen ingots of salt 
under a helium atmosphere. 

The six capsules were, as was  the case i n  previous experiments, sus- 
pended i n  a tank f i l l e d  with sodium, which served t o  transfer the thermal 
energy from the capsules t o  the tank w a l l .  Heat was removed from the so- 
dium tank through a variable annulus f i l l e d  with helium t o  cooling water 
flowing i n  an external jacket. 
ing w a s  provided. The capsule w a l l  attained temperatures of about 600°C 
during high-level power operation. 

As i n  past experiments, no auxiliary heat- 

The twin manifolds which comprise the pressure monitoring and gas 
collection systems were moderately complex. A schematic diagram of one 

x 
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UNCLASSIFIED 
ORNL-LR-DWG 77838 

DRIER HELIUM 

--t 

xxxxxxxxI 
TO MTR I OFF-GAS 

f p+zzx, 
I 

U COUPLING 

-+MOLTEN SALT 

SUBMERGED GRAPHITE 

X X X J  T COUPLING 

MOLTEN SALT 

SUBMERGED GRAPHITE 

SAMPLE BOTTLES 

CARBON TRAPS 

xxxxxxx CAPILLARY TUBING 
PR PRESSURE RECORDER 

Fig. 7. Om-MTR-47-5 Gas-Collection System. 

of the assemblies i s  shown as Fig. 7. 
brated t o  ensure tha t  the samples drawn as desired into 200-cm3 metal 
sampling bulbs included a large and known fraction of the gas contained 
i n  the capsule. 

The equipment w a s  carefully cal i -  

Behavior Under Irradiation 

Assembly MTR-47-5 w a s  carried through five MTR cycles during the 
4-1/2 months ending January 23, 1963. 
assembly were varied as desired throughout the t e s t  t o  include condi- 
tions anticipated i n  different regions of the MSRE. 
power leve l  i n  capsules 3 and 4 were varied independently over a con- 
siderable interval but were, insofar as possible, held constant during 
periods represented by accumulation of the gas samples. Fuel tempera- 
tures during reactor operation varied from about 190 t o  1500°F, with 
power levels ranging from 3 t o  80 w/cm3 within the fuel. 

Operating conditions for  th i s  

Temperature and 

Gas samples were taken by isolating the capsule for  a known and pre- 
determined interval (6  t o  96 hr) and then purging the accumulated gases 
into the sample bulb. Pressure w a s  carefully monitored ( to  the nearest 
0.1 psi)  while the capsule was isolated. 
taken from the two capsules during the f i r s t  four MTR cycles under f ive 
dis t inct  s e t s  of conditions within the capsules. 
t ions (and numbers of samples) are: 

Fifty-nine gas samples were 

These se t s  of condi- 
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1. 

2. 
3 .  
4. 
5.  

reactor at  ful l  power (40 Mw) with fuel  molten ( 3 4 ) ,  
reactor a t  intermediate power (5  t o  20 Mw) with fue l  frozen ( 8 ) ,  
reactor shut down with the fuel  at  about 90°F ( 9 ) ,  

periods spanning fuel  melting at reactor startup (A), 
periods spanning freezing of fuel  following reactor shutdown ( 4 ) .  

Partly because the amounts of CF4 produced were generally too low 
t o  measure accurately, there w a s  much scat ter  i n  the resul ts  on any of 
the bases on which correlations were attempted. The most enlightening 
information was  obtained from plots such as Figs. 8 and 9, wherein the 

UNCLASSIFIED 
ORNL-DWG 63-662 

W 2 0.2 

2 0.1 
u) 

a w 0.05 
z 
,g 0.02 
u* 

0.01 
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0.002 

0.001 
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 
Xe IN SAMPLE (%I 

Fig. 8. Production of CF4 from Fuel and Graphite at  MSRE Power 
Densities (Although Slightly Larer Temperatures). 
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ORNL-DWG 63-664 
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Fig. 9. Production of CF4 from Fuel and Graphite at MSRE Tempera- 
tures (Although Slightly Higher Parer Densities). 
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amount of xenon (long lived) i n  a sample served as an internal dosimeter 
and measured the exposure i n  terms of the relative amounts of f iss ion 
energy that were released while the samples accumulated. The mounts of 
CF4 i n  a sample were presented as r a t i o s  of CF4 t o  xenon i n  the same sample 
for  the following reasons: 
strongly influenced by the energy, as is  of course certainly true of xenon; 
(2) comparison of m a s s  spectrometric peaks on the same sample eliminates 
m a n y  possible discrepancies tha t  m i g h t  stem from unrecognized differences 
i n  sampling; and ( 3 )  also a convenient reference factor i s  available for  
assessing the chemical effects on fuels of any given l o s s  of fluoride as 
CF4. The excess of fluoride ions arising from fissioning W4, because 
the f iss ion product cation valences f o r  equilibrium w i t h  the container 
do not accommodate the available anions from the fissioned IF4, gives a 
small increase i n  oxidizing power of the fuel  with increased burnup. 
dinarily, t h i s  oxidation should i n  principle be manifested as a relatively 
insignificant increase i n  corrosion product concentration. However, i f  
the moles of CF4 evolved from a fue l  were approximately equal t o  the gram- 
atoms of stable xenon produced during the same interval, the oxidation- 
reduction level  would tend t o  remain favorably balanced. The exact r a t i o  
fo r  balance varies with conditions of operation but for  purposes of e s t i -  
mation can be considered as unity or a l i t t l e  higher. Thus, the cross- 
hatched bands at  the top of Figs. 8 and 9 denote the upper l i m i t  of the 
CF4/Xe rat ios  below which the removal of CF4 is  a corrosion problem of 
negligible proportions for  the MSRE. Higher rates of fluoride removal 
could conceivably require occasional re-treatment of the fuel  with HF', 
but such a chemical tolerance l i m i t  (due t o  the approach t o  sufficient 
reduction t o  deposit uranium) would be encountered only  af te r  an appreci- 
able reduction of W4 t o  W3. 

(1) the primary generation of CF4 i s  probably 

O r -  

Estimated l imits of sensit ivity for each of the samples that  gave 
negative results have been plotted as f i l l e d  circles  i n  Figs. 8 and 9 
for  use as upper limits. 
responding t o  about 5 ppm CF4, and the open circles  correspond t o  samples 
f o r  which definite CF4 contents were found. Taking into account both posi- 
t ive  and negative samples, i f  CF4 w e r e  present in amounts proportional t o  
xenon production, the quantity was too s m a l l  t o  be measured with certainty. 
On the other hand, there w a s  a possibil i ty tha t  CF4 underwent decomposition 
and/or reaction w i t h  the w a l l  because of the radiation f i e l d  i n  the capsule; 
thus the amount present i n  samples collected over long periods could repre- 
sent a steady state between formation and disappearance. 
dashed l ines  i n  Figs. $ and 9 represent trial extrapolations t o  zero time, 
effectively at leas t ,  and thus show a possible relative primary ra te  of 
generation of CF4 compared t o  xenon i n  the vapor space i n  the capsule. I n  
principle, a curve f o r  CF4 concentration should pass through all open 
circles  and beneath a l l  f i l l e d  ones; but, because of the scat ter  of the 
data, the curves remained indeterminate. However, the t r ia l  values ob- 
tained from the dashed extrapolations were considered representative of 
the rate  of production of CF4 tha t  could have prevailed. Thus the con- 
clusion would be reached that  CF4 was produced i n  the vapor space at about 
6$ of the ra te  of xenon and that a steady-state concentration at, or just  
under, 5 ppm CF4 w a s  approached. A simple basis, though not a rigorous 
o r  necessarily correct one, f o r  scaling such resul ts  from capsules t o  a 

The shaded area shows the locus of points cor- 

The straight 
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reactor could be the assumption that for  given power density i n  the fue l  
the CF4 production w a s  proportional t o  the area of the interface between 
graphite and fuel. 
volume i n  the core and the MSRE core contains 7 x lo5 cm3 of fue l  i n  con- 
t a c t  with about lo6 cm2 of graphite, compared t o  the capsules with 10 cm3 
of fue l  i n  contact with 12 cm2 of graphite, the scaling factor would be 

Then, since xenon production varies w i t h  the fuel 

106 cm2 10 cm3 , 
12 cm2 7 x 10' cm3 

or  roughly unity. 
the foregoing consideration are justif ied,  the l o s s  of CF4 from the MSRE 
i s  not expected t o  cause difficulty.  

Thus, t o  the extent that the assumptions involved i n  

It was  during the reactor shutdowns, which periodically interrupted 
the collection of gas at operating conditions, t ha t  the t rue nature of 
the evolution of F2 came t o  light. 
cooled t o  about 4OoC, and, after variable induction periods, an accumula- 
t ion of gas i n  the capsules was  noted by pressure measurements. 
cumulating gas was found t o  be F2 and t o  be released from the frozen fuel 
at  G 

0.005 t o  0.031, although on occasion the induction period persisted through- 
out the shutdown, 
shutdown and ei ther  G 

served. There were seven shutdowns of sufficient duration for  the effects 
t o  be noted. 

A t  shutdowns the capsules were promptly 

The ac- 

values (molecules of F2 per 100 ev of absorbed energy) from about 
F2 

No correlation between capsule power density just  before 
values or duration of induction periods w a s  ob- 

F2 

Short periods of low-power operation (4 hr)  were arranged during MIX 
startups i n  order t o  observe the behavior of the solid fue l  a t  varied 
levels of fissioning which covered the range from 2 t o  10 w/cm3 and tem- 
peratures from 85 t o  325OC. 
the lower temperatures, no accumulation of gas w a s  detectable; t h i s  indi- 
cated, as w a s  l a t e r  confirmed, that the susceptibil i ty of the solid fuel 
t o  radiolytic decomposition diminishes greatly or disappears a t  relatively 
low annealing temperatures (e  . g., 20OOC). An accelerated rate of recombi- 
nation w i t h  increasing temperatures w a s  found i n  subsequent postirradiation 
studies, and th i s  is  undoubtedly related t o  the pronounced and favorable 
temperature effect .  
salt i n  freeze valves and freeze flanges can be maintained without evolving 
F2 appear t o  be ample for  pract ical  purposes. 

Except for  some suspicious indications at  

A t  any rate,  the operating ranges i n  which frozen 

Evolution of F2 During Postirradiation Decay 

On January 23, 1963, a f t e r  2000 hr of irradiation a t  an average 
thermal f lux of 2 x loi3 neutrons cmm2 see'', the assembly w a s  withdrawn 
from the reactor; 11 days later the gas evolution from the two capsules 
w a s  being monitored in an ORKG hot cel l .  The F2 evolved into an evacuated 
gas space i n  which the ra te  of accumulation was followed by pressure meas- 
urements precise t o  0.01 psia or 0.1 s td  cm3 of F2. The gas was  occasion- 
ally collected and analyzed; t h i s  restored the vacuum and provided a meas- 
ure of the leak rate, which was generally quite s m a l l .  The lo s s  of F2 for  
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the first 95 days of the cooling period i s  shown i n  F i  , 10, where the 
loss  i s  expressed i n  terms of the percent of the fluoride ions removed 
from the fuel. 

The effect  of temperature w a s  found t o  be quite pronounced, as shown 
i n  Fig. 11, which i s  a different ia l  form of the data i n  Fig. 10. The cal- 
culated yield curve i n  Fig. 11, which approximates the i n i t i a l  ambient- 
temperature fluorine-generation curve for  the higher-power capsule, rep- 
resents a G value of 0.02. A revision of t h i s  value may be necessary 
when bet ter  estimates of capsule power densities are available from uranium 
isotopic analyses of the irradiated fuels. 
consequence of equilibration periods a t  various temperatures. Either cold 
(-70°C) o r  warm (8OOC)  temperatures sufficed t o  suppress the evolution. 
Intermediate behavior found between these extremes implied tha t  a maximum, 
which shifted somewhat with time, occurred near 35OC or  higher. Bursts 
of F2 occurred immediately a f t e r  a temperature r ise ,  and several days were 
sometimes required for a steady s t a t e  a f t e r  a drop i n  temperature. 

F2 

The jagged rate  curve i s  a 

Beginning on day 113, the effect  of various par t ia l  pressures of added 
Fz gas w a s  explored. Above 5OoC there was a pronounced pressure effect  i n  
the expected direction, that is ,  decreasing l o s s  at  increasing pressure, 
but since the actual ra tes  seemed t o  depend markedly on the history of the 
fue l  (probably on the s t a t e  of chemical reduction i n  the surface layers), 
it w a s  not possible t o  determine a quantitative expression fo r  the effect  
of pressure. 
appears t o  have been i n i t i a l l y  near unity and t o  have decreased t o  0.5 o r  
lower. The resul ts  
are depicted i n  integral  form f o r  the higher-powered capsule i n  Fig. 12. 
Consumption of F2 w a s  clearly evident at  increasing rates as the tempera- 
ture  was increased. A s  the fue l  consumed more fluorine, higher tempera- 
tures were required t o  give further consumption at  measurable rates. 

Qualitatively the reaction order with respect t o  F2 pressure 

Below 5OoC, evolution continued even at  1 a t m  of F2. 

These data suggest tha t  the F2 rate  of evolution i s  controlled a t  
l o w  temperatures by ra tes  of diffusion of radiolytic species within the 
solid, and a t  higher temperatures by a back reaction whose ra te  i s  strongly 
temperature dependent. 

Analyses of G a s  from Sealed Capsules 

For the first 5 months following the in-pile irradiation, the assembly 
could not be dismantled without disturbing the investigation of F2 evolu- 
t ion described above. A s  soon as the ra te  of F2 evolution i n  the swept 
capsules diminished t o  the point tha t  it was d i f f i cu l t  t o  measure changes, 
the four other sealed capsules i n  the assembly were punctured and the i r  
cover gases were analyzed. 

Two of the sealed capsules had been designed t o  provide extremes i n  
the r a t i o  of graphite t o  metal areas t o  which the fuel  was exposed. 
sule 1 (Fig. 13) had a graphite l i ne r  and a graphite core with a t o t a l  
salt-graphite interface area of 27 cm2; the l iquid extended above the l i ne r  
and flooded 7 cm2 of INOR-8 w a l l .  Capsule 2 (see Fig. 14) had only a s m a l l  

Cap- 
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disk of graphite (1 cm2 of graphite-fuel interface) and provided 46 em2 
of metal-fuel interface. 
diameter; they each contained a mounted graphite ( A m )  bar ( 3  g) tha t  
had been prepermeated with fuel. No other fuel  was added; therefore, these 
capsules, i n i t i a l l y  at least ,  exposed no metallic surface t o  the salt. 

d, 
The other two capsules (Fig. 15) were of smaller 
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Analyses of the gas drawn fromthese four capsules are shown i n  Table 
8 along with some de ta i l s  of the in-pile exposures. It is clear tha t  the 
three capsule geometries yielded very different quantities of F2 and CF4; 
capsule 2 yielded about 39 cm3 of F2 and 70 cm3 of CF4, capsule 1 yielded 
about 2.5 cm3 of F2 and 0.6 cm3 of CF4, and the s m a l l  capsules yielded 
none of either gas. The notion tha t  the salt-metal interface area af- 
fects  radiolytic generation of F2 from solid salt now appears absurd. 
The possibi l i ty  that graphite surfaces somehow catalyze back reactions or  
otherwise slow the generation process now seems almost equally unlikely. 
It appears more plausible t o  ascribe the pronounced difference i n  behavior 
t o  large differences i n  cooling rates of the fuel  and t o  consequent dif-  
ferences i n  c rys ta l l i t e  size and degree of s t ress  introduced into the 
crystal l i tes .  
cooled most slowly and, perhaps, produced leas t  readily damaged fuel. 
Capsule 2 clearly should have cooled most rapidly. 

The s m a l l  capsules, w i t h  the gas envelope around the fuel, 

The par t ic le  size of the fue l  dispersed through the graphite bars 
i n  the rear and front capsules must have been very s m a l l .  The fac t  tha t  
no detectable amount of F2 was generated i n  these capsules suggests t ha t  
s m a l l  par t ic le  size alone i s  not a sufficient factor t o  induce F2 gener- 
ation. 

No evidence of decomposed CF4 residues o r  products, nor even deposits 
of a suspicious nature i n  t h i s  regard, w a s  found on visual inspection and 
attempted sampling of the inter ior  of gas l i nes  from Experiment 47-5. 

Metallographic results from t h i s  experiment have not yet been re- 
ported, but no evidence of attack on the INOR-8 i s  expected t o  be found. 
The loss of fluorine from the swept capsules during the in-pile portion 
of the t e s t  might be expected t o  contribute toward additional uranium 
deposition i n  the graphite i n  these capsules. 

Experiment 47-6 

Description of Experiment 

This experiment was designed a f t e r  low-temperature fluorine genera- 
t ion  had been established and a f t e r  i t s  significance with respect t o  CF4 
production, metal corrosion, and uranium deposition i n  graphite had been 
considered. Based on these considerations, some questions t o  which the 
experiment w a s  addressed, in order of importance i n  complicating the 
s t ructural  array of the assembly and accessories, are as follows: 

cs 
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Table 8. ORNL-MIB-47-5 Gas Analyses and Exposure Conditions 

Capsule Tyye 

Capsule Designation 1 2 Rear Front 

Weight of graphite, g 14.362 0.536 3.6655 3.6353 
Weight of fuel ,  g 18.928 25.240 0.6465 0.5037 
U i n  fuel ,  mole 4 0.659 0.659 0.339 0.659 
Weight of 93.26% 235UJ g 0.770 1.027 O.Ol345 0.0205 
Neutron flux, neutrons cm-, sec-l 1.94 x loi3 2.24 x 1013 1.91 x 1013 3.87 x 
Fission power densityJb w/cm3 65.0 75.0 32.5' 130.0' 
Wlmup,d k 7.7 8.8 7.6 14.7 
volume of cover gas, ml (STP) 5.67 115 2.63 2.76 

a 

F2pe % 43 34 0 0 
mc$J % 10 61 0 0 
He + Ar, $ 41 2.0 99.6 98.2 

mf $ 2.7 (73'$) 0.11 (4q) 0.055 (40%) 0.20 (51%) 
9 

z 4.01 0.024 (1.7%) 0.32 (46%) 1.57 (81%) 
(4).05%) 

A i r  + C02, $ 3.5 2.7 0 0 

Calculated from 6 0 ~ 0  a n w s i s  of capsule metal. a 

bCalculated from the tabulated neutron fluxes and the known fue l  dens i t ies  at 1300'F. 

Calculated f o r  fue l  i t s e l f ;  overal l  power densi t ies  i n  the impregnated graphite are  C 

152 of these. 

dCalculated from the  tabulated neutron fluxes. 
e 

'Numbers i n  parentheses are  percentages observed of yields  calculated from burnups. 

Corrected t o  include SiF4, OF,, COF,, e tc .  



1. 
2. 

3 .  

4. 

5. 

283 

Can a more sensitive measurement of the production of CF4 be obtained? 
Can the conjectured absence of deposition of uranium i n  graphite under 
operating conditions be more clearly confirmed? 
Does the concentration of ~+ cations i n  the fuel, through catalytic- 
type mechanisms involving the variable valence of the uranium, have a 
perceptible effect  on the recombination of nonequilibrium oxidizing 
and reducing species tha t  are produced by radiation? 

Was a previously. noted augmented corrosion of molybdenum metal (Ex- 
periment 47-3) due t o  attack at  operating conditions or w a s  it a con- 
sequence of gaseous F2 released by radiation damage from decaying fis- 
sion products i n  the frozen fuel? 

Can the radiolysis of added CF4 be detected? 

Foremost w a s  the provision for  heating the four irradiated t e s t  cap- 
sules t o  avoid freezing during reactor shutdowns. 
lease of F2 and much of the ensuing obfuscation encountered i n  recent 
postirradiation examinations. But this  a l so  entailed a problem i n  opening 
and dissecting the capsules without allowing F2 t o  intrude again after 
removal from the MTR. 
cells before removal t o  ORXI, ho t  cel ls .  

This w a s  t o  avoid re- 

The remedy involved a prompt dissection i n  MCR hot 

Figure 16 shows one of the four t e s t  capsules i n  cross section. A l l  
four INOR-8 capsules are ver t ical  right cylinders (-2 in. i n  height) con- 
taining a 1/4-in. annulus of fuel (25 g) that surrounds and covers a 
central  core of graphite (1/2 in. diam), leaving a gas space of about 3 
cm3 above the l iquid level. 
graphite. 
variable t o  5000 cm3/hr, which passed t o  a sampling assembly that in- 
cluded a molecular sieve column for  concentration of CF4. 
two capsules were sealed. 

Central thermocouple wells penetrated the 
Two capsules were swept by helium, a t  measured f l o w  rates 

The other 

'Phe question of CF4 evolution w a s  approached by having the t w o  gas- 
s w e p t  capsules identical  i n  a l l  respects except graphite area (and depth 
of submersion). An INOR-8 core section replaced the upper half of one 
of the graphite cores and reduced the graphite area from approximately 
14 cm2 t o  approximately 7 cm2, Both swept capsules contained 0.9 mole $ 
UF4 which included a sufficient enrichment of 235U t o  give 14 w/cm3 at  
minimum Insertion; these values were chosen i n  conformance w i t h  MSB op- 
erating conditions and provided 52 w/cm3 as a maximum. 

The gas flow system w a s  designed t o  sweep any CF4 from the gas space 
faster than it could be radiolytically decomposed. Additionally, there 
were f ac i l i t i e s ,  including thermal conductivity meters, for  measuring the 
rate of rad io lys i s  of CF4 a$ prepared mixtures of CF4 and helium were 
passed through the capsule. Also, sensitive analyses a t  low concentra- 
t ions of CFI, were available from a "helium breakdown" sensor being de- 
veloped by the Analytical Chemistry Division. Previous resul ts  implied 
a steady-state concentration of CF4 s o  low tha t  the rate of l o s s  of added 
CF4 m i g h t  be very much easier t o  measure than the ra te  of appearance of 
evolved CF4 i n  the capsule gas space. 
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The question of uranium i n  or on the graphite was apppoached by de- 
signing f l a t  areas on the graphite cores; t h i s  should greatly f ac i l i t a t e  
examination by x-ray diffraction. Further, the two sealed capsules are 
addressed primarily t o  comparing minimum with large concentrations of UF4 
i n  the fuel; one has 4 mole UF4, with the maximum enrichment consistent 
with safe temperature, w h i l e  the other contains highly enriched uranium, 
but i n  the minimum amount sufficient t o  duplicate the power density i n  
the swept capsules. 

On the one hand there i s  the possibil i ty,  i f  deposition does indeed 
occur, tha t  the higher the uranium concentration and the higher the power 
density, the more uranium might be deposited on the graphite. On the other 
hand, there i s  a theory that  uranium cations m i g h t  serve as a recombination 
catalyst for  off-equilibrium radiolytic "free radicals," and tha t  the 
steady-state concentration of these might be higher with lower concentra- 
tions of UF4, and hence conceivably induce greater deposition i n  low- 
concentration fuels. With the available neutron f lux for the experiment, 
the lowest concentration of ful ly  enriched UF4 consistent w i t h  power den- 
s i t i e s  of interest  i s  about 0.5 mole $. This precludes tes t ing at t h i s  
t i m e  with quite low concentrations tha t  presumably would be of greatest 
interest  i n  checking for  catalytic effects and tha t  would represent a 
relat ively unexplored concentration range, but neither have the higher 
concentration ranges been explored. 
concerned, the experiment carries one low, two medium (swept), and one 
high concentration capsule. 

Thus, as  f a r  as uranium content i s  

Both sealed capsules contain coupons of molybdenum which are expected, 
on the basis of corrosion encountered i n  47-3, possibly t o  be more sensi- 
t ive  than INOR-8 as indicators of corrosive influences. Also, the com- 
parison of uranium behavior i n  the presence of pure molybdenum, as con- 
t ras ted with the presence of only 17 at. $ of molybdenum i n  INOR-8 i n  the 
swept capsules, may prove t o  be of interest .  

The question of the corrosion of molybdenum seemed t o  be one that 
could probably be answered without interfering with the other m a i n  pur- 
poses of the experiment. Admittedly, there w a s  r i sk  of confusion from 
superposition of variables, but the advantages were deemed t o  outweigh 
the risks. I n  the absence of radiation, molybdenum and INOR-8 form a 
bimetallic couple, and electrochemical transfer of metal i s  expected; 
i n  practice the rate  i s  alleged t o  be so slow tha t  no clear evidence of 
transfer has been obtained. I n  the absence of radiation, molybdenum i s  
carburized when i n  contact with graphite; i n  t h i s  experiment the molyb- 
denum i s  i n  submerged radial  sheets o r  s l ivers  tha t  touch INOR-8 on one 
edge and do not touch graphite. Molybdenux and carbon both give r i s e  t o  
volat i le  fluorides under oxidizing conditions; t h i s  could conceivably be 
the basis for  a response (different than nickel, e.g.) t o  the off-equi- 
librium species produced by radiation i n  the fuel. 
irradiation, molybdenum behaves as rather more noble than nickel toward 
fluoride melts. 

I n  the absence of 
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Results of Experiment 

The experiment w a s  exposed t o  radiation i n  the MTR from June 8 t o  
August 10, 1964. 
samples were swept from INOR-8 capsules containing MSKE fuel  and graphite. 
A variety of sweep rates, temperatures, and power densities were explored, 
but no CF4 has been found i n  the samples that have been analyzed thus far, 
nor has there been any detectable radioactivity other than that of xenon 
and krypton. 'This indicates that  neit4er F2 nor CF4 was produced at  rates 
tha t  would be of significance t o  the MSRF:. 

During the first two 3-week cycles of the MTR, 26 gas 

For the first 24 hr  following the f i n a l  MTR shutdown, the assembly 
was maintained at  a temperature above the salt liquidus temperature i n  
order t o  prevent fluorine generation during the period of most rapid ra- 
dioactive decay of the f iss ion products i n  the salt. 
allowed t o  freeze at  a relatively slow ra te  (lO°C/hr) through the tem- 
perature range 450 t o  4OO0C, i n  which the primary, secondary, and t e r -  
tiary phases are found t o  appear. Through th i s  slow freezing it w a s  
hoped that  the fuel  would be deposited i n  a relatively good state of 
crystallization, permitting petrographic confirmation of the expected 
phases and further minimizing fluorine evolution. Having cooled the 
salt t o  a solid, the assembly was  removed from the reactor as quickly 
as possible and disassembled i n  the hot ce l l s  a t  the MTR. The capsules 
were opened and the components separated t o  prevent any postirradiation 
effects which might obscure the in-pile behavior of the system. 

Then the salt w a s  

Visual examination of the components during disassembly did not re- 
veal any unexpected o r  disturbing information. 
gray-green, o r  black, as frequently seen i n  the past. There were s m a l l  
droplets of salt components on the metal above the l iquid phase. 
salt broke cleanly away from the graphite w i t h  no evidence that the graph- 
i t e  had been wetted, though the metal was apparently wetted by the salt. 
The molybdenum coupons appeared not t o  have been attacked. I n  the swept 
capsules the INOR-8 surfaces above the l iquid appeared t o  be covered with 
a d i r ty  gray film or series of mottled spots similar t o  the observations 
i n  other experiments; t h i s  is  currently attr ibuted t o  the effects of traces 
of water o r  other reactive components i n  the helium sweep gas. 
swept capsule (No. 2) the salt w a s  green, the graphite looked very clean, 
and all metal below the salt w a s  shiny. 
shiny, 
were a few beads of salt above the l iquid l ine.  

The salt w a s  e i ther  green, 

The 

In  the un- 

The thermocouple well was  a l s o  
The contact angle of the salt on m e t a l  was  about 90°, and there 

A l l  the components from the experiments have been packed for  ship- 
ment t o  ORNL and detailed examination i n  our hot laboratory f ac i l i t i e s .  
More satisfactory statements confirming the excellent resul ts  suggested 
by the gross visual observations w i l l  have t o  await t h i s  examination. 

It should be recalled tha t  provisions have been made i n  the MSRE for  
the direct  exposure of graphite and metal t e s t  specimens i n  the very 
center of the reactor. 
these can be removed for  observation and replaced by additional specimens 
as required t o  confirm and extend the resul ts  of the small-scale irradia- 
t ion t e s t  program which has been discussed. 

An access port has been provided through which 
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Out-of-Pile Emeriments 

Salient features of the fluorine generation and recombination proc- 
esses have been verified w i t h  simulated MSHE fuels, and w i t h  some of the 
component fluorides, on exposure t o  pure gamma, beta, and x radiation. 

A n  INOR-8 capsule containing MSRF: salt and graphite was exposed t o  
gamma radiation from a 6oCo source for  -7400 hr  at  temperatures ranging 
from 38 t o  15OoC. 
After an induction period of about 600 hr, fluorine gas was generated at  
ra tes  ( G  values) varying between 0.03 t o  0.07 molecule of fluorine per 
100 ev absorbed a t  temperatures up t o  llO°C. 
which had been generated was recombined. A t  13OoC recombination rates  
roughly equaled generation rates. No evidence of any appreciable re- 
action of the F2 gas with the graphite t o  generate CF4 was obtained.2 

The s a l t  received a calculated 0.45 x lo2' ev hr-l g'l. 

A t  150°C any fluorine gas 

Experiments t o  investigate fluorine evolution from studies of be- 
havior of sol id  MSFE fuel  mixtures under fast electron bombardment have 
yielded values of G as a function of dose up t o  a t o t a l  dose of about 

1.6 x MeV per g of salt. A t  doses below about 8 x Mev/g, maxi- 
mums i n  the fluorine production rates were observed o r  indicated i n  each 
experiment. 
increase i n  fluorine evolution rate  w a s  observed a f t e r  a t o t a l  dose of 
about 9 t o  10 x 1017 Mev/g. It i s  observed tha t  reduction of the dose 
rate  by a factor of about 2 causes an increase i n  the i n i t i a l  rates of 
fluorine evolution per uni t  dose ( G  ). The maximum 
Similar experiments with solid LiF showed tha t  fluorine w a s  not evolved 
as a resul t  of bombardment w i t h  fast electrons but was  taken up i n  s m a l l  

F2 

I n  one of the experiments exposed t o  a greater dose, a second 

observed was  0.02. 
%2 F2 

mounts .3 

Soft x-ray i r radiat ion of a solid mixture similar t o  the MSHE fue l  
gave evidence of radiolytic decomposition w i t h  yields of volat i le  fluorine 
compounds equivalent t o  % 
from 0.0006 t o  0.04. 
generally, the products were carbon tetrafluoride and carbonyl fluoride. 
Prefluorination of the salt removed carbon-containing impurities and en- 
couraged l iberat ion of elemental fluorine. 
t i l e  fluorine-containing products a t  about ten  times the ra te  from coarse 
particles.  The compound 6LiF*BeF2*ZrF4, one of the complex compounds which 
crystal l ize  from the E R E  fuel, decomposed w i t h  an equivalent G 

0.02. Prefluorinated thorium fluoride l iberated elemental fluorine a t  
ra tes  of about 0.005 molecule per 100 ev. 
fluorides gave any evidence of radiolysis.4 

(moles of F2 per 100 ev absorbed) values ranging 
2 

I n  some cases elemental fluorine w a s  identified, but, 

Fine par t ic les  l iberated vola- 

of about 
F2 

Neither lithium nor zirconium 
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The i n i t i a l  operation of the Molten-Salt Reactor Experiment (MSHE) 
w i l l  u t i l i ze  about 26,560 l b  of fused fluorides as  fuel, coolant, and 
flush salt mixtures. The reactor fuel  mixture wi l l  have the composition - 
LiF-BeF2-ZrF4-UF4 (65.0-29.1-5.0-0.9 mole $ respectively). 
235U w i l l  comprise about one-third of the uranium inventory; the balance, 
as nonfissionable uranium, has been included fo r  chemical purposes. 
i n i t i a l  loading of about 11,260 l b  of fuel  salt mixture w i l l  be required 
for  a desired f i l l  volume of approximately 73 ft3 i n  the reactor assembly. 
The coolant and flush salt mixtures w i l l  be chemically identical and w i l l  
have the composition LiF-BeF2 (66-34 mole $). 
of this mixture i s  needed for  a coolant s a l t  volume of 42 f t3  and a flush 
s a l t  volume equivalent t o  that  of the fuel mixture. 

Fissionable 

An 

Approximately 15,300 l b  

Techniques for  preparing fused fluoride mixtures at ORNL were de- 
veloped t o  support the Aircraft Nuclear Propulsion Program and were suc- 
cessful ly  demonstrated during the preparation of fluoride mixtures for 
the Aircraft Reactor Experiment.l The production f a c i l i t y  has since be- 
come an integral part  of the Molten-Salt Reactor Program t o  provide fused 
fluoride mixtures for  i t s  chemi$al and engineering t e s t  programs and for  
other related projects of the Laboratory and the USAEC. 
the f ac i l i t y  has been operated a t  capacity for  the production of MSRE 
fluoride mixtures. ff ic ient  quantities of LiF-BeF2 (66-34 mole 4 % )  for 
the coolant salt m i  8 ure and about 5096 of tha t  required as the flush s a l t  
have been prepared t o  date. 
follow the loading of coolant and flush salt in to  the reactor faci l i ty .  

Since March 1964, 

Production of the f'uel salt mixture wi l l  

8 
4 .  . 

1 

.Q 

Process Chemistry 

Although start ing materials of very high purity are used i n  produc- 
t ion  of fused fluoride mixtures, Further purification i s  needed before 
they are acceptable for  use i n  the MSRE. The removal of a limited number 
of impurity species during production operations i s  achieved by treatment 
of the fluoride melts with anhydrous HF, hydrogen, and, i n  some instances, 
by the use of beryllium metal as a strong reducing agent. 
which can be volatilized are removed i n  the process gas effluent stream; 
those w h i c h  can be rendered as insoluble particles are removed by f i l t r a -  
tion. 

Impurities 

Oxide Removal 

On heating the start ing materials above the liquidus temperature of 
the salt mixture, oxides are formed by pyrohydrolysis of the fluoride 
salts with the i r  absorbed water. Although oxide impurities, i n  them- 
selves, are probably not detrimental, the i r  presence i n  the fluoride mix- 
tures of the MSRE could result i n  the deposition of solid oxide particles 
or scale. 
properties of the reactor components and might also create localized heat 
sources i n  the reactor core by the deposition of uranium dioxide. 

The resulting heterogeneous system could a l t e r  heat transfer 

c t 

s 

c. 

W 
rn 

e . 
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Oxides are removed 
a t  6OOOC with an anhydrous mixture of HF i n  hydrogen. 

ring the i n i t i a l  gas sparging of the fluoride 
They react 

rectly with hydrogen fluoride by the reaction 

02- + ZHF 2F- + H2O 

and are conveniently removed from the process as water vapor. Although 
cise analytical methods for determining the oxide content of fluoride 

t i en t s  f o r  t h i s  reaction show tha t  the efficiency of oxide removal by 
I n  the production process, treatment with 

s continued t o  a practical  reaction completion which should provide 
i table  "oxide capacity" of these fluoride mixtures for inadvertent 

s have not been suitably developed, recent measurements of equilibrium 

i s  process should be highm2 

nation during reactor operations. 

Sulf'ur impurities need also t o  be removed because of t he i r  corrosive 
ck on nickel-base alloys a t  elevated temperatures. 
rials these impurities are found primarily as sulfates and require 
iple  treatment t o  effect  t he i r  removal from the fluoride mixtures. 

ing a preliminary treatment, sulfates are reduced t o  sulfides by the 
i t i on  of beryllium metal turnings t o  the molten raw material miXtureo3 

drogen sulfide i s  produced simultaneously with oxide removal by the re- 

I n  the start ing 

S2' + 2HF + 2F + H2S 

and i s  removed from the system i n  the gas effluent. However, the rate  
at which H S can be removed i s  low and i s  proportional t o  the hydrogen 
flow rate.$ This condition may result from an intermediate reaction of 
H2S with the nickel salt container; sulf'ur removal w o u l d  be controlled 
by the reaction 

H2 + NiS e N i o  + H2S . 
Hydrogen flar rates of about 10 liters/min are used i n  the production 
process; the maximum sulfur-removal rate has been approx3nately 0.7 g/hr. 

Because of these d i f f icu l t ies  i n  removing sulfur impurities from 
molten fluoride mixtures, effor ts  are made t o  obtain sulfur-free start ing 
materials. 
duction of fluoride mixtures for  the MSRE, only beryllium fluoride has 
been found t o  contain sulflrr impurities; however, through cooperative 
effor ts  with the vendors, these impurities have been virtually eliminated. 
Approximately two-thirds of the BeF2 'required by the MSRE i s  sulf'ur-free; 
the balance contains concentrations of 10 t o  1000 ppm. 

Of the fluoride salts tha t  have been purchased for the pro- 
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Removal of Structural-Metal Impur i t i e s  

The INOR-8 allay (Hastellay N) used as the structural metal container 
i n  the MSRE contains 6 t o  €?$ chromium as a constituent. It i s  expected5 
that the chromium act ivi ty  i n  the surface layer of metal i n  contact with 
MSRE f'uel w i l l  be depleted u n t i l  the following equilibrium i s  established: 

C r o  + 2uE4 * 2UF3 + CrF2 . 
If the molten fluoride mixtures introduced in to  the MSRE contain nonequi- 
librium concentrations of structural-metal fluorides more easily reduced 
than UF4 (e.g., NiF2 or FeF2), the INOR-8 container would  corrode. 

Structural-metal fluorides are present as impurities i n  the fluoride 
raw materials and may also be introduced by corrosion of the process 
equipment during production operations. Thus, the control of structural- 
metal fluoride concentrations i n  the purified fluoride mixtures i s  an im- 
portant process consideration. 

Eydrogen fluoride w i l l  readily attack structural metals and allays 
that  are suitable as salt containers at the operating temperatures of the 
production process by reactions of the type 

Mo + ZBF * MF2 + H2 

This reaction is  arrested i n  the gas phase of the treatment vessel by the 
formation of a rather impervious layer of the structural-metal fluoride 
on the metal surfaces. However, metal surfaces w h i c h  are i n  contact with 
the fluoride mixture are continually renewed by the dissolution of the 
structural  m e t a l  fluorides into the me l t .  Experimental studies of the 
thermodynamics of corrosion processes i n  molten fluorides6 have shown 
tha t  the corrosion of nickel could be controlled by admixing HF with hy- 
drogen i n  concentrations which wou ld  also be effective fo r  oxide and 
sulftw removaJ.. 
t o  control the corrosion of iron and chromium are too low t o  be of prac- 
t i c a l  value by current production techniques. Accordingly, nickel metal 
i s  used as the primary salt containment material i n  the process equipment. 
A gas mixture containing approximately 1/10 mole fraction of HF i n  H2 has 
been used effectively i n  the fluoride purification process. As suggested 
by studies of high-temperature thermocouple r e ~ e a r c h , ~  the presence of 
hydrogen should also reduce the corrosiveness of the HF-H20 effluent gas 
mixture which accompanies the conversion of oxides t o  fluorides. 

Concentrations of HF i n  hydrogen which w o u l d  be needed 

Gas sparging of the m e l t  at 700°C with hydrogen alone i s  used as a 
final phase of the purification process t o  reduce FeF2 and remaining NiF2 
concentrations t o  low values. The reduction of CrF2 by hydrogen i s  too 
slow t o  be effective at  process temperatures. 
trations of 25 t o  50 ppm that are present i n  the starting materials are 
not prohibitive for  reactor applications and remain essentially unchanged 
by the production process. When structural-metal fluoride concentrations 
are exceedingly high, beryllium metal, a strong reducing agent, i s  added 
t o  the melt. 

However, chrcxnium concen- 

This treatment i s  followed by a mild hydrofluorination t o  
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convert the unreacted excess of beryllium metal t o  i t s  fluoride salt. 
Insoluble metallic impurities are separated from the purified fluoride 
mixture by decantation and by f i l t r a t ion  through sintered nickel during 
transfer of the molten mixture t o  i t s  storage container. 

Production Operations 

Fused fluoride mixtures are prepared i n  two batch processing units 
from fluoride salts tha t  are normally purchased from cmmnercial sources. 
Although the units are operated independently of each other, both are 
charged with molten raw materials from a single meltdown f”nace assembly. 
Figure 1 shows the floor plan of the main operating level of the produc- 
t ion f ac i l i t y  and indicates the f l o w  of materials through the processing 
units. 
w i l l  operate on a semicontinuous schedule. 

A l l  operations are coordinated so that the batch processing units 

Starting Materials 

Fluoride salts that  are used as start ing materials for  the produc- 

Since 
t ion  of f’used fluoride mixtures for the MSRE were purchased, when pos- 
sible, from commercial sources on a competitive bid arrangement. 
flrbher purification of these materials during the production process i s  
limited, only those of highest purity, within the competitive market, were 
accepted; chemical specifications are shown i n  Table 1. Although a l l  
materials obtained for  use i n  preparing MSRE fluoride mixtures were gen- 
eral ly  within these specified limits, iron concentrations of 250 and 500 
ppm were allowed i n  BeF2 and LiF respectively. 
t i e s  were also allowed since they are readily removed as  carbon by gas 
sparging and are inherent i n  some manufacturing processes. 
12,000 l b  of beryllium fluoride was purchased for  preparing the first 
reactor loading of fluoride mixtures. Zirconium tetrafluoride tha t  i s  
relatively free of hafnium (a00 ppm) and otherwise of high purity was 
also found t o  be readily available from commercial sources. 
2300 l b  of t h i s  material was purchased for use i n  the E R E  fuel mixture. 

Some carbonaceous impuri- 

Approximately 

Approximately 

For neutron-absorption cross-section considerations, a l l  l i t h i u m  
fluoride used i n  s a l t  mixtures fo r  the MSRE must be essentially free of 
6Li. Sufficient 7LiF (22,000 l b )  was obtained from the UsI1FC for one 
complete reactor loading and the planned replacement of the flush and 
fuel  salt mixtures. 
99.9% 7Li; however, those batches having the highest 6Li  content have 
been used i n  preparing the coolant s a l t  mixture. 

The isotopic assay of t h i s  material i s  a t  l eas t  

Although the 235U enrichment i n  the MSRE fuel mixture during power 
operation w i l l  be approximately 3 
essing as highly enriched (9% in‘%J) uranium tetrafluoride. About 
90 kg of 235U w i l l  be required f o r  reactor t e s t s  currently scheduled. 
The balance of uranim inventory i n  the reactor fuel system Will be made 
up of UF4 tha t  i s  depleted of 235U. 
from USAEC. 

all 235U w i l l  be obtained fo r  proc- 

These materials are readily available 
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Fig. 1. Fluoride Production Facility -Layout of Operating Level. 

Table 1. Fluoride Production for MSRE - General Chemical 
Specifications for Starting Materials 

Allowable Concentration 
$1 

(1 ppm = o.oO01 w t  $) 

Water 0.1 

Fe 0.01 

S 0.025 
C r  0.0025 
dl 0.015 
si 0.01 

cu 0.005 

N i  0.0025 

B 0.0005 
Na 0.05 
Ca 0.01 
M@; 0.01 
K 0.01 

Zr (natural) 0.025 
Cd 0.001 
Rare earths (total) 0.001 

L i  (natural) 0.005 
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7LiF Densification 

With the exception of IILiF, a l l  raw materials obtained for  preparing 

The lithium fluoride, as received, was found t o  have a very low 
the MSRE fluoride mixtures can be charged directly t o  the meltdown fur- 
nace. 
bulk density. Subsequent examination showed that  it also contained sub- 
s tan t ia l  amounts of water. 
result i n  loss of production capacity and excessive oxide contamination, 
pretreatment of the 7LiF t o  improve these properties w a s  desired. 

Since the direct  use of t h i s  material wou ld  

Densification of LiF by heating t o  65OOC had appeared promising i n  
laboratory experiments. 
t o  production-scale operations t o  develop a processing procedure and t o  
examine the feasibi l i ty  of pretreating the 22,000 l b  of material that  was 
on hand. These t e s t s  showed that periodic agitation of the LiF  while 
heating t o  650°C was necessary t o  produce a free-flaring granular product. 
A&ydrous HF was mixed with the helium sweep gas while the charge was 
being heated t o  about ltoO°C t o  convert LiOH, e i ther  i n i t i a l ly  present or 
formed by pyrohydrolysis, t o  LiF; otherwise, heating t o  650°C w o u l d  permit 
the LiOH t o  be fused with the L i F  t o  give an intractable mass. 

Intermediate-scale t e s t s  were made preparatory 

The production-scale equipment i s  a horizontal Monel reaction vessel 

The apparatus had been used during the A” Program 
(17 in. i n  diameter by 8 ft long) equipped with a flill-length agitator 
and a heating Jacket. 
i n  the conversion of sol id  Z r C l 4  t o  ZrF4 by treatment with anhydrous HF 
a t  elevated temperatures. This equipment i s  shown i n  Fig. 2. 
l b  of 7LiF has been processed i n  a single batch; approximatel 
has been processed t o  date. 
increased from about 0.6 g/cm3 t o  1.1 g/cm3 by this  operation. 

Up t o  300 
11,500 l b  

LiF has been 3; The average bulk density of the 

Raw-Materials Charge and Meltdown 

Because of the toxicity of fluoride salts (beryllium fluoride i n  par- 
ticular), the r a w  materials are handled by operating personnel i n  a load- 
ing room isolated from other areas of the production plant by shower Fa- 
c i l i t i e s  and air locks. 
f’ully protective, plastic,  fresh-air su i t s  t o  avoid exposure t o  these 
hazardous chemicals. 
into appropriate batch sizes i n  a well-ventilated hood enclosure, and 
transferred t o  the meltdown f’urnace by a vibratory conveyer. 
t h i s  operation i s  i l lus t ra ted  i n  Fig. 3 .  

Personnel working within the loading room w e a r  

Raw materials are assembled i n  th i s  area, weighed 

A part  of 

ltdown f’urnace assembly shown i n  Fig. 4 adjoins the raw-ma- 
t e r i a l s  loading room and i s  operated t o  provide a molten raw-material 

f the two adjacent batch processing units. After melt- 
xture i s  sparged with hydrogen and helium a t  

relatively high t o  remove insoluble carbon by entrainment. 
Beryllium metal also added t o  the molten charge t o  reduce 
sulfate impurities t o  sulfides and t o  reduce structural-metal impurities 
t o  the i r  insoluble metallic states. During subsequent transfer of ma- 
t e r i a l  t o  a batch processing unit, some of these insoluble impurities are 
separated by decantation. 
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Fig. 2. Fluoride Production Facility - Horizontal Densification 
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Fig. 3. Fluoride Production Facility - Raw Materials Handling Area. 
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Melt Purification 

Each of the two processing units has a capacity of 2 ft3 of salt per 
Thus, the production of all fluoride mixtures for  the MSHE w i l l  

A 1% production excess i s  
Although the production rate 

batch. 
require a mi- of 94 batch preparations. 
planned t o  allow for  usual contingencies. 
varies with the quality of the start ing materials, the average batch cycle 
encountered thus far,  including maintenance shutdown periods, i s  164 hr. 

Salt treatment vessels used i n  the process units as well as i n  the 
meltdown Furnace are constructed of 12-in. iron pipe size 304L stainless 
s tee l  pipe and are approximately 6 f t  long. An inner l i ne r  fabricated 
from 1/8-in. grade A nickel sheet provides primary salt containment. 
cept for  conventional loading ports and gas-line connections, the vessel 
i s  of welded construction. Salt  storage containers are of the same ap- 
proximate diameter but are only 3 ft i n  length. These vessels are made 
of nickel and are used only t o  store and dispense purified salt mixtures. 
The treatment vessels and salt storage vessels are heated by commercial 
resistance f’urnaces of 50 and 25 kw respectively. Figure 5 shows the ar-  
rangement of equipment i n  one of the two identical  batch processing units. 

Ex- 

A simplified schematic f l o w  diagram of the unit process i s  shown i n  
Fig. 60 The salt treatment vessel connects directly t o  the receiver 
vessel (salt storage container) through a small-diameter tube which f’unc- 
t ions as the process gas entry l i ne  during purification of the fluoride 
mixture and as the salt transfer l i ne  a t  the completion of the process. 
These vessels are also connected through the gas manifold system t o  pro- 
vide centralized control over process conditions during salt purification 
and regulation of the different ia l  gas pressure on the system during 
transfer of the molten charge t o  i t s  storage container. 

The gas effluent from the process i s  passed thruugh a bed of sodium 
fluoride pel le ts  t o  reduce HF concentrations t o  low values before dis- 
charge t o  the atmosphere. 
exhaust gases are bubbled through an inert-liquid t rap t o  isolate the 
process equipment from the atmosphere. 

Since large quantities of hydrogen are used, 

A t  the completion of the production cycle, the purified fluoride mix- 
ture i s  transferred t o  the salt storage container and allowed t o  cool. 
Interim storage under a s t a t i c  helium cover gas i s  provided within the 
production faci l i ty .  
as they are needed, for remelting and transfer into the fluoride drain 
tanks of the MSRE. 

The containers w i l l  be shipped t o  the reactor s i te ,  

Process Control 

To ensure delivery of acceptable fluoride mixtures t o  the MSFE, ma- 
t e r i a l  balances and process conditions must be controlled during each 
phase of the production operation. I n  addition t o  accounts tha t  show the 
source, quality, and amounts of raw materials used i n  each production 
batch, various measures are exercised during the processing cycle t o  pro- 
vide quality control of the finished product. Primary process control i s  
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Fig. 5. Fluoride Production Facility - Batch Processing Unit. 
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Fig. 6. Fluoride Production Facil i ty - Simplified Schematic Process 
Diagram. 

achieved by frequent analyses of the process gas streams. These analyses 
are used as guides for  alteration or termination of process conditions 
and are, therefore, directly related t o  production efficiency and quality 
control. 
analyses of salt samples tha t  are withdrawn from melts during processing 
operations. 
finished batches. 

Secondary control of product quality i s  derived from chemical. 

These results are used t o  determine the acceptability of the 

Process Gas analyses 

The HF-H;? concentration r a t i o  i n  the gas influent t o  the salt t rea t -  
ment vessel i s  regulated according t o  results obtained by direct t i t r a t ion  
of a side stream with a standard KOH solution. A similar t i t r a t i o n  of the 
gas effluent stream i s  used t o  determine HF uti l ization. !Q-pical results 
obtained during preparation of the MS€E coolant salt mixture are i l l u s -  
t ra ted i n  Fig. 7 and show the high degree of HF ut i l izat ion that  i s  char- 
ac te r i s t ic  during initial treatment of the molten raw materials. 

Hydrogen sulfide i s  collected i n  an ammoniacal cadmium chloride so- 
lution from the gas effluent stream and i s  t i t r a t ed  with a standard iodine 
solution. Material balances on sulf'ur evolved as H2S from the treatment 
vessel as compared with the quantity of sulf'ur believed %o be present i n  
the raw-materials charge are often i n  disagreement and probably result 
from the precipitation of sulf'ur compounds i n  the meltdown furnace. 
ever, experience obtained thus f a r  shows that  the rate  of H2S evolution 
i s  indicative of the concentration of sulf'ur .remaining i n  the m e l t .  
condition appears valid only when a l l  sulfates have been reduced t o  sul-  
fides. 
plete u n t i l  a subsequent addition of beryllium met'al f a i l s  t o  result i n  

How- 

This 
-. 
W Removal of sulf'ur from the m e l t ,  therefore, i s  not considered com- 
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an increase i n  the H2S evolution rate. 
the sensit ivity of this control measure. 

Results shown i n  fig. 8 i l l u s t r a t e  

Water vapor which results from the reaction of HF with oxide ion i n  
the melt i s  condensed, with sane HF, from the gas effluent stream i n  a 
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Fig. 7. Fluoride Production for MSHE -Uti l izat ion of HF During 
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UNCLASSIFIED 
ORNL-DWG 64-6995 

BATCH NO. C-116 
WEIGHT: 120 kg 

INITIAL SULFUR: 85 ppm = 40.2 g 

0 
PROCESS TIME (hr )  
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cold trap. 
frigerating a surrounding ethylene glycol-water bath. 
have shown tha t  essentially a l l  water vapor can be condensed from an HF-H2 
stream a t  this temperature. 
periodically and analyzed fo r  water content. The reproducibility of re- 
sults obtained by t h i s  process control method on a number of salt prepa- 
rations is  sham i n  Fig. 9. 
the water-removal rate becomes negligible . 

The condensation chamber i s  maintained a t  about -12OC by re- 
Development t e s t s  

The contents of the cold t rap are drained 

Oxide removal i s  considered complete when 

1 

During the final hydrogen sparging treatment, the reduction of struc- 
tural metals results i n  the evolution of HF. The rate  of HF evolution 
i s  indicative of the reduction rate and i s  also a function of the struc- 
tural-metal ion concentration of the m e l t .  Therefore, the HF content of 
the gas effluent i s  monitored periodically by direct t i t r a t i o n  with a 
standard KDH solution. 
termine process completion. 

Values obtained by this procedure are used t o  de- 
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Fig. 9. Fluoride Production fo r  MSRE - Removal of Oxides from 7LiF- 
k F 2  (66-34 mole 4 )  During HF-H2 Treatment a t  600OC. 

Sal t  Analyses 

Chemical analyses are obtained on salt samples tha t  are withdrawn 
from the melts in to  copper f i l t e r  tubes during processing operations. 
These tubes are previously f i red  i n  an atmosphere of flawing hydrogen and 
instal led i n  a sampler device. 
of the treatment vessel and permits sampling under existing process con- 
ditions without extraneous contamination t o  the sample. Salt  i s  crushed 
from these sample tubes i n  a glove box and stored i n  glass sample bottles. 

This assembly is  f i t t e d  onto a valved port 

The concentrations of impurities found by chemical analyses of f i n a l  
salt samples taken fo r  production thus f a r  are shown i n  Table 2. 
for  "oxides removed'' were  determined from quantities of water collected 

Values 
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Table 2. Fluoride Production for  MSRE - Results of Chemical CI 

I -  

Analyses of Batch Preparations of 7LiF-BeF2 (66-34 mole $)a 

Average Concentrations of 
Dnpurities (ppm) 

Cr N i  Fe S 
Batch Nos. Oxides Removed 

~~ ~ 

101-105 13 31 183 <5 1391 
106-llo ll 26 161 <5 1110 

ll1-115 10 19 180 < 5  1828 

ll6-120 15 20 164 <5 1473 

121-125 50 21 115 <5 14.65 
126-130 14 22 127 < 7b 2301 

Batch size, 120 kg of salt mixture. a 

bBatch 126 a t  37 ppm of sulf'ur, a l l  others a t  <5  ppm, 

i n  the effluent gas cold trap. The values for  chromium concentrations 
are low but significant because they ref lect  the integrity of the t reat-  
ment vessel. Should the nickel l iner  i n  th i s  vessel f a i l ,  a rapid in- 
crease i n  chromium concentrations would  occur by corrosion of the stain- 
l e s s  s t ee l  outer vessel. 

Reactor Loading 

The fluoride production method i s  generally independent of fluoride 
mixture composition provided tha t  the liquidus temperature of the mixture 
i s  within the capability of the process equipment. The production of m u l -  
ticomponent mixtures, however, i s  sometimes faci l i ta ted by the preparation 
and subsequent combination of simpler binary or ternary mixtures. A s  ap- 
plied t o  the production of the fuel salt mixture for  the MSRE, t h i s  tech- 
nique i s  advantageous t o  both production and reactor operae'ions. 

To provide for conservation of fissionable material, for  nuclear 
safety, and for  planned reactor operations, the MSRE fuel  salt w i l l  be 
prepared as  a fuel concentrate mixture and as a barren f'uel solvent mix- 
ture. 
mixture 7LiF-UF4 (73-27 mole 4) ;  the barren fuel  solvent mixture will con- 
sist of the balance of fluoride sa l t s  required t o  achieve the overall 
fuel  composition LiF-BeFz-ZrF4-UF4 (65.0-29,l-5.0-0.9 mole $ respectively) 

The fuel  concentrate mixture will be further segregated as the en- 
riched f'uel concentrate mixture, which w i l l  contain a l l  235U as highly 
enriched 235UF4, and as the depleted fuel concentrate mixture, which w i l l  

The fuel  concentrate mixture w i l l  consist of the binary eutectic 

W 
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contain the balance of nonfissionable uranium required for  the fuel salt 
mixture. This depleted material w i l l  be prepared i n  two batches by con- 
ventional processing techniques. 

The enriched fuel  concentrate mixture w i l l  be produced i n  s ix  s m a l l  
batch preparations. Each batch w i l l  contain approximately 60 l b  of salt 
mixture, of which 33 l b  w i l l  be 235U. Although the processing technique 
wi l l  be essentially the same as that  used for  conventional fluoride pro- 
duction, the operation wi l l  be carefully regulated according t o  estab- 
lished criticality-control procedures. 

Before c r i t i ca l  experiments are conducted i n  the reactor, uranium 
analyses and inventory procedures w i l l  be checked aut on a mixture of the 
depleted fuel concentrate and the barren fuel solvent. 
c r i t i c a l  and then t o  the operating conditions of the MSRE w i l l  be achieved 
by incremental additions of enriched fuel concentrate mixture t o  the re- 
actor fuel. 

Approach t o  the 

Production Economics 

During the course of fused fluoride production a t  ORNL, modifications 
and revisions have been made on the f ac i l i t y  t o  meet specific safety re- 
quirements and t o  incorporate procedural changes which have resulted from 
process development programs. 
fluoride mixtures became attractive t o  the Molten-Salt Reactor Program, 
extensive modifications i n  the physical plant were made t o  cope with 
health hazards which accompany the handling of beryllium compounds. 
required preparation of large quantities of identical fluoride mixtures 
for  the MSRE also made possible the effective use of a single meltdown 
f'urnace assembly. Other production features developed fo r  the process 
have required only minor revision of the faci l i ty .  
of the production f ac i l i t y  i s  probably i n  the range of $300,000 t o  $500,000. 

When the use of beryllium fluoride i n  fused 

The 

The replacement value 

Present operation of the production f ac i l i t y  for  the preparation of 
MSRE materials i s  conducted on a seven-day, three-shift schedule. 
shift  requires a technical operator and an assistant for  routine mainte- 
nance. 
as required. 
a t  an average of $20,000/month. 

Each 

Other supporting craf ts  are employed for  nonroutine maintenance 
Operation, maintenance, and equipment costs are budgeted 

Data on the fluoride start ing materials that  have been acquired for  
the production of MSRE materials are shown i n  Table 3.  
r a w  materials fo r  the coolant and flush salt mixture, 'LiF-EkFz (66-34 
mole $), i s  $11.29/lb, and that  of the fuel salt, excluding 235U, is  
$10.13/lb. 
coolant and flush s a l t  mixture has an estimated value of $19.7l/lb. 
similar cost for  the fuel salt mixture, excluding 235U, i s  estimated a t  
$17.33/113. 
tures for  the MSRE w i l l  have an estimated value of $496,400, exclusive 
of plant amortization and uranium costs. 

The cost of the 

As calculated from operating and raw-materials costs, the 
A 

Thus, the i n i t i a l  charge of coolant, flush, and fuel  salt mix- 
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Table 3. Costs of Raw Materials Used i n  MSRE Fluoride Production 

unit cost Total Cost 
($1 ($1 Material Quantity 

. 

7LiF 22,000 l b  16.50" 363,000 

BF2 12,000 l b  5.70 68.400 
ZrFq 2,300 l b  8.00 18,400 

12,000.00 1,080,000 uF4 

1,529,800 

90 kg 
(235U basis)  

Total 

Include s $1 . 82/lb for  preparation as fluoride salt. a 
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H. F. McDuffie 

The MSRE illustrates a reactor concept - the fluid fuel concept - 
which has been espoused and under development in two different embodi- 
ments by ORNL since 1949. The major advantage of this concept, and the 
one which supports continuing chemical research and development, is that 
changes in the fuel or blanket compositions can be made without the re- 
quirement of metallurgical or ceramic refabrication. Fertile material 
can be added, bred fissionable material and fission products can be re- 
moved, and samples can be taken for analysis, all without interrupting 
the operation of the reactor. 
that the radioactive fission products are dispersed throughout the sys- 
tem, complicating the containment and maintenance problems. 

The accompanying major disadvantage is 

A s  a consequence of the research and development work done for the 
eRE and the MSRE, and also the fundamental research studies of molten 
salts supported by the AEC Division of Research throughout the last 15 
years, there are a number of chemical developments which permit a tenta- 
tive look ahead to the extension of the molten-salt concept to economical 
operation and to a broader range of reactors. Reactors closely related ' 
in type to the MSRE will be discussed first, with other types of thermal 
and fast reactors discussed later. 

One- and Two-Region Molten Fluoride Reactors 

Fuels and Blankets 

The importance of using thorium and the existence of possibly suitable 
vehicles have been discussed in previous sections, but a restatement w i l l  
be made for emphasis. Figure 1 shows the system LiF-BeFz-ThF4 as studied 
by Thoma et al.;' a maximum of 24 mole $ ThF4 can be accommodated in so- 
lution atT5TC. 
per liter. 
thorium system, with even a slight lowering of the liquidus temperatures 
upon the fractional substitution of8 the uranium for  thorium in the qua- 
ternary system LiF-BeFz-UF4-ThFq (ref. 3 ) .  
for two-region breeder reactors and thorium-uranium fuels for single- 
region converters are potentially available. 

This is equivalent to 78 w t  $ ThF4, or 24.00 g of thorium 
The system LiF-BeFz-TJF4 (ref. 2) is quite similar to the 

Thus both thorium blankets 

Barton and co-workers have also measured the solubility of PuF3 in 
alkali fluoride-beryllium fluoride mixtures' and found values of 0.2 to 
1.0 mole $ in the temperature range 500 to 600OC. Figure 2 illustrates 
the effect of temperature and shows, also, that there is a substantial 
effect of solvent composition on plutonium solubility. 
fluoride reactors should be operable with plutonium as the fissionable 
fuel component instead of uranium. 

Thus, molten 
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Fig. 1. The System LiF-BeFz-ThF4. 

1 

Consideration has also been given to reactors in which a fast re- 
actor core can be surrounded by a static molten-salt blanket. 
moderator materials would have to be absent from the core; and lithium 
and beryllium could not be used in the blanket, but fluorine could be 
present. ) 
which appear suitable for such a blanket; the lowest melting eutectic in 
the system, as shown in Fig. 3, contains 26 mole $ ThF4 and melts at 
about 562OC. 
of thorium per liter. 

Materials Compatibility 

(All 

The system NaF-KF-ThF4 (ref. 5) provides molten mixtures 

This mixture contains 65 to 70 w t  $ ThF4 and about 24.00 g 

The compatibility of molten fluorides with INOR-8 (or Hastelloy N) 
and graphite is apparently excellent, as indicated by the chapters on 
chemistry, radiation effects, graphite, and metallurgy, as well as by 
the long history of development work with molten fluorides in both the 
MSR and the ANP programs. Nevertheless, many questions of long-term 

TEMPERATURE IN OC 
COMPOSITION IN mole To 

.526 
BeF2 
548 
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Fig. 2. Solubility of PuF3 as a Function of Temperature for LiF- 
BeF2 Solvents. 

compatibility remain to be determined. 
accumulation of fission products will certainly require study, and the 
irradiation tests should be extended to cover progressively more severe 
conditions which ultimately exceed by a substantial margin the projected 
reactor operating conditions. 

The chemical effects of the 

Chemical Reprocessing 

The main advantage of the fluid fuel concept, the ready availability 
of the fuel for whatever physical or chemical treatment is desired, 
furnishes the main source of future chemical developanent - laying a basis 
for selective chemical reprocessing. 
molten-salt mixture is a relatively simple operation, but the removal of 
either dissolved or suspended materials is considerably more difficult. 

The addition of components to a 

A number of fuel-reprocessing schemes have been proposed, and some 
have been developed. 
discuss these under the following headings: 

Dawson and Sowden,6 in their excellent recent book, 

1. Fluorination - to remove volatile uranium hexafluoride (described in 
a previous section), 
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Fig. 3 .  The System NaF-KF-ThFb. 

2. 

3 .  

Fluoride precipitation - including the exchange of rare earths with 
cerium trifluoride, 
Electrolysis - which would remove elements whose decomposition po- 
tential is lower than that of the main melt constituents (leaving 

Oxide precipitation - including the use of beryllium oxide and water 

s 

I 
0 lanthanides in solution), 

4 .  
s vapor to precipitate uranium dioxide. 

Fission Product Rare Gases Of the fission products produced in a 
molten fluoride fuel, the noble ses should most readily escape as a 
consequence of their low solubility.7 Figure 4 illustrates the low 
solubility of helium, neon, argon, and xenon in molten LiF-BeF2 over a 
temperature range of interest to reactor operation. 
development in this field w i l l  be limited to confirmatory measurements 
of solubility in new fuel or blanket compositions. 
the diffusion of gases through graphite and other porous media have been 
thoroughly studied' in connection with the development of gas-cooled re- 
actors. For application to the unclad graphite in molten-salt reactors, 
it may be important in the future to determine the diffusive behavior of 

Future chemical 

The factors governing 

bi 
8 

* 
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the f i ss ion  product gases i n  the very impermeable graphites which are  
suitable fo r  use with molten fluorides. 

Rare Earths. The long-lived l?a$e-earth f iss ion products form very 

Their removal i s  very necessary for  economic opera- 
stable t r i f luorides  and contribute a large proportion of the t o t a l  f iss ion 
product poisoning. 
tion. 
LiF-BeF2 mixture of the same r a t i o  as the MSRE solvent. L"F3, and m3 in a 

Figure 5 i l l u s t r a t e s  the solubili ty of CeF3, 

The work of Ward e t  a1.l' showed tha t  exchange reactions between 
solid cerium tr i f luoride and dissolved rare-earth fluorides of higher 
cross section would occur, with the molten fluoride becoming saturated 
with cerium fluoride and the sol id  phase being a sol id  solution of a small 
mount of rare-earth fluoride i n  cerium fluoride. 
cerium fluoride has been shown t o  be extremely dependent on the compo- 
s i t ion  of binary fluoride solvent mixtures such as LiF-BeF2 and NaF-BeF2, 
as i l lus t ra ted  by Fig. 6; strong dependence on temperature i s  also shown 
by these studies. Although it is  not a t t ract ive t o  consider use of a 
fue l  saturated with even -0.1 mole $ of cerium, it seems quite l ike ly  
tha t  more study of the solubi l i ty  and composition relationships involving 
the rare-earth fluorides may be profitable. 

-- 

The solubi l i ty  of 

A technique, which from recent resul ts  appears simple and feasible, 
involves the vacuum d i s t i l l a t i on  of an irradiated fluoride fue l  t o  re- 
cover 7LiF, BeF2, and ZrFr,, leaving the uranium and rare-earth f iss ion 
products behind. Vapor phase transport of salt components is, of course 
well known. 
a consequence of the temperature gradients present i n  capsules under ir- 
radiation. 
s i t ion  near tha t  of 2LiF-BeF2. Kreyger,12 i n  studies of the behavior of 
sess i le  drops of molten 2LiF=BeF2, noted tha t  the surface became r ich i n  
LiF and tha t  d i s t i l l a t e  drops were 9576 BeF2. 
studied the purification of LiF by vacuum dis t i l la t ion;  "they reported 
tha t  the impurities and the LiF d i s t i l l ed  i n  the order of the vapor 
pressures of the components, with NaF' and MnF2 coming over ahead of the 
bulk of the LiF and with CaF2 and MgF2 being l e f t  behind. 
studies, Kelly has examined the vacuum d i s t i l l a t i on  of MSRE f'uel, t o  
which he had added europiumto represent the rare-earth f iss ion product 
poisons. 
pot a t  temperatures i n  the range of 1000 t o  105OOC. Samples of approxi- 
mately 5 g each were taken ser ia l ly  and analyzed fo r  the fue l  components 
Li ,  Be, Zr, F, U, and (by counting techniques) Eu. Figure 7 shows the 
smooth change i n  L i  t o  Be r a t i o  of the d i s t i l l a t e ,  the inclusion of the 
zirconium along with the beryllium, and the very l o w  concentration of 
europium. 
served i n  the in i t ia l  stages of the experiment i s  attr ibuted entirely 
t o  the result of dusting, as the i n i t i a l  charge was powdered and the 
vacuum w a s  applied before the charge w a s  f irst  melted. If these results 
are confirmed by tests with other rare earths, a 'hDrute-force" technique 
fo r  recovering the lithium and beryllium fluorides seems assured, with 
the residue containing the rare  earths plus the uranium being a much more 
desirable charge fo r  the fluoride vola t i l i ty  process than the en t i re  fue l  
volume would have been. 

Kirslis, Savolainen, and Blankenship" noted d i s t i l l a t i on  as 

Their evidence suggested tha t  the d i s t i l l a t e  had a compo- 

Thoma, Sin , and Ross 

In very recent 

A charge of 57.2 g of fuel was d i s t i l l ed  from a s ta inless  s t e e l  

Actually, the relat ively larger concentration of europium ob- 
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of CeF3 in LiF-BeF2 and NaF-BeF2. 

Zone melting is also being explored as a potential basis for purifi- 
cation of irradiated fuel. 
that 12 passes of a 3-cm zone at 1 cm/hr removed an initial concentration 
of 1000 ppm each of CeF3, GdF3, and LuF3 from a 30-cm ingot of LiF. 
choice of the three rare earths was such as to provide representatives of 
the three classes of phase behavior observed in MF*MF3 systems - no inter- 
mediate compound, an incongruently melting intermediate compound, and a 
congruently melting intermediate compound. 

Singh, Brunton, and Thoma14 have reported 

The 

. 
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The extraction of rare-earth f iss ion products from liquid-metal re- 
actor fuels in to  molten s a l t s  was explored a t  Brookhaven National Labo- 
ratory i n  connection with the LMFR.15 Favorable distribution coefficients 
were found fo r  rare-earth removal when the composition and redox potential 
of the salt were properly controlled. The converse extraction, from 
molten fluorides in to  l iquid metals, would be necessary i f  rare-earth 
f iss ion products were t o  be removed from the fue l  of the MSRE or similar 
reactors. Baes' has recently considered the application of this process 
t o  molten fluoride reactors i n  the l ight of available thermodynamic 
knowledge. 
pared with beryllium fluoride would require tha t  an extremely stable 
intermetallic compound of the rare  earth and a reduced metal be formed i n  
order for the extraction t o  be successful. 
act ivi ty  coefficients of cerium i n  molten zinc and lead17 suggests that 
these metals would not be suitable; further consideration of t i n  and 
bismuth may be worthwhile. 
the system M&.o$ Th/KCl-LiC1-25% MgC12/*7% Mg, the three solutes 
yttrium, cerium, and neodymium were each extracted from the 
through the s a l t  and in to  the -7% Mg alloy - t o  the extent of over 95$ i n  
2 hr. 
metal-salt extraction system are known t o  have profound effects  upon the 
distribution of solutes; Moore19 has shown that changes i n  the AlC13:KC1 
mole r a t io  can change the distribution coefficient for  uranium between 
the molten chlorides and molten aluminum a t  725'C by a factor of 50 o r  
more. 

The higher s t ab i l i t y  of the rare-earth t r i f luorides  as com- 

Recent information on the 

A current paper" indicates that, at  6OO0C, i n  

Th 

Modifications of the composition of the molten-salt portion of a 

I n  future chemical development, considerable emphasis i n  fundamental 
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studies will be placed on the determination of the activities of various 
solutes in molten fluorides, as a f'unction of solvent composition, redox 
potential, and temperature. The techniques of electrochemistry, liquid- 
liquid extraction into molten metals, and control of gas-phase composition 
will be used in these studies. 

\ \  

< 400 y counts/rnin-g SALT 

Removal of Uranium and Protactinium. Shaffer et a1.20 have reported -- 
the recovery of protactinium and uranium from molten fluoride systems by 
Zrecipitation as oxides. 
33Pa) were removed from the molten solvent mixture LiF-BeFz-ThFh (6'7-18- 
15 mole '$) by the addition of powdered Be0 or  CaO, as shown by Fig. 8 .  
In subsequent tests more realistic concentrations (with respect to reactor 
applications) of protactinium in the fluoride solvent were obtained by 
dissolving 231F'a to the extent of 50 to '75 ppm in the fluoride melt. The 
removal of this larger concentration of protactinium from solution by the 
addition of powdered Be0 or  Tho2 is shown in Fig. 9.  
tinium and uranium were present initially in solution, the addition of Be0 
appeared to precipitate both, with the protactinium removed first and 
$referentially, as shown in Fig. 10. Even U02 was able to remove the 

tinium from solution, the precipitated protactinium was returned to solu- 
tion easily when the contents of the pot (melt and precipitate) were 
treated with gaseous HE'. These results suggest a number of ways in which 
selective precipitation could be used in connection with reactors which 
depend on the conversion of thorium to 233U. 

Initially, trace quantities (1 to 2 ppb of 
- 

When both protac- 

31Pa from solution, as shown in Fig. 11. After each removal of protac- 

Studies of the crystallization path of MSRE fuel revealed that uranium 
was not present in the first two phases to appear (2LiF*BeF2 at 4 3 4 O C  and 

0 4 2 3 4 5 
OXIDE PRECIPITANT ADDED (9) 

Fig. 8. Removal of Protactinium (233Pa) from Solution in LiF-BeF2- 
ThF4 (67-18-15 mole 3 )  by Reaction with Be0 and CaO at 650OC. 
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Fig. 9. Removal of Protactinium (231Pa Labeled with 233Pa) from So- 
lut ion i n  LiF-BeF2-ThF4 (67-18-15 mole $) by Reactions with Be0 and '12102 
at  650" C. 

" 
Be0 ADDED (grams) 

Fig. 10. Reaction of Be0 with Protactinium and U r a n i u m  Dissolved 
i n  LiF-BeF2-ThF4 (67-18-15 mole $) a t  650°C. 

2LiF.ZrF4 a t  431'C). Zone-melt eriments with a vertical tube and 
upward passes fa i led  t o  cause any unusual concentration of uranium, but, 
as illustratea by Fig. 12, 20 downward passes gave a very substantial  con- 
centration of uranium. An effect  of gravity - has been reported i n  zone 
melting but only fo r  insoluble trash i n  the material; t h i s  new effect in- 
volving soluble uranium should prove very interesting and rewarding t o  
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Solution in LiF-BeF2-ThF4 (67-18-15 mole $1 by Reaction with U02 at 650°C. 

exploit. 
times resulted from thermal cycling melts containing uranium or thorium.21 

There is a report from previous work that stratification some- 

Other Types of Molten-Salt Reactor Systems 

Direct Heat Exchange 

Direct heat exchange between molten salts (fluorides or chlorides) 
and liquid lead has been given consideration as an innovation which would 
permit the use of a nearly static core and blanket system, with the liquid 
lead circulated through the molten salt and an external heat exchanger. 
Such a system would greatly lower the fie1 inventory and might offer 
better heat transfer characteristics. 
found that molten lead gave good phase separation after being dispersed 
in molten chlorides or fluorides, even in the presence of solid oxides. 
In an NaC1-KClmelt at about 5OO0C, sparging a suspension of lead in the 
melt with an oxygen-containing gas caused the development of a red color 
(from dissolved lead oxide); subsequent sparging with hydrogen reduced 
the lead salt to finely divided lead, which coalesced into liquid lead 
within 5 min. 
of direct heat exchange. 

Alternative Coolants 

Blankenship, Kreyger, and Kirslis22 

Many chemical studies remain to be made in the development 

The possibility of using a mixture of LiF, NaF, and KF as the coolant 
for a molten-salt reactor has been discussed in the chapter on chemistry. 
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This would require tha t  the ent i re  coolant system be resis tant  t o  the hd 
action of molten fluorides. 
carbonates be used as the coolant f luid.23 
Janz and his  associates at  RPI,24 a number of properties of molten 
carbonates have been established. 
the ternary system Li2CO3-Na2CO3-K2CO3. 
Li-Na-K (43.5-31.5-25.0 mole $), melts just  below 400°C and should require 
l e s s  than 1 a t m  of C02 cover gas fo r  s t ab i l i t y  i n  the temperature range 
of interest .  
t reat ing medium and i s  known t o  be noncorroeive t o  steel at 1400°F over 
many months of exposure. 
about 4.000 hr exposure at 120°F  t o  INOR-8. In recent tests a t  ORNL, 
Bet t is  found tha t  molten carbonate i s  apparently quite stable toward 
molten lead a t  temperatures of 900 t o  1000°F. Developnent of molten 
carbonate f luids  wi l l  require study of radiation s tabi l i ty ,  corrosion, 
thermal conductivity and viscosity, and compatibility with f i e 1  salts 
(the consequence of a leak). 

It has been recently suggested tha t  molten 
Owing largely t o  the work of 

Figure 13 presents a phase diagram of 
The eutectic of the composition 

The mixture has been used for  a number of years as a heat- 

No obvious corrosion has been observed a f t e r  

UNCLASSIFIED 
ORNL-DWG 64-7446 
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W Q 3  K2c03 
726 901 

Fig. 13. Ternary System Li2C03-Na2C03-K2C03. 

Molten Salts as Fast Reactor Fuels 

The avai labi l i ty  of large amounts of plutonium and the potential 
advantages i n  the use of fast neutrons for  breeding have prompted con- 
sideration of molten chloride fuels. Separated isotopic 3 7 C l  would be 
used (at 98$ enrichment) but would have t o  be conserved. 
t ion  i s  available on the binary systems of alkali metal chlorides with 
UCl3, the valence state of uranium which, for  compatibility reasons, 
would be used i n  a chloride system. Additional study of the system 
KCl-UC13 i s  i n  progress at  ORNL. From the available information on 

Some informa- 

F 
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binary mixtures, 2 5  Thoma has predicted the behavior of relatively simple 
ternary systems.26 
tem NaCl-KCl-PuCl3. 
dicted at temperatures between 500 and 600OC. 
similar diagram for the system NaCl-KCl-UCl3, and, again, very substantial 
solubilities of uranium are predicted for the temperature range 500 to 
600OC. 
that it may be feasible to achieve the desired plutonium to uranium ratios 
of 5:1, a heavy metal concentration of 30 to 55 mole $, and a liquidus 
temperature below 55OOC. 
in future chemical development. 

Figure 14 presents a predicted diagram for the sys- 
Very subs'tantial solubility of plutonium is pre- 

Figure 15 presents a 

The similarities in the uranium and plutonium systems suggest 

Testing of these predictions will be included 

The thermodynamic stability of metals and their chlorides in the 
presence of UCl3 and PuCl3 has been the subject of calculations by 
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Fig. 14. Predicted Phase Behavior for the System NaCl-KCl-PuC13. 
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Fig. 15. System NaCl-KCl-UC13, Phase Diagram Predicted on B a s i s  of 
Limiting Binary Systems. 

Newton27 and by Long.28 
chromium is considered t o  be somewhat worse than iron, nickel i s  bet ter ,  
and tungsten and molybdenum are much better;  i ron i s  considered t o  be 
probably good enough. The combination of an i r o m o l t e n  chloride-molten 
lead system, based on available thermodynamic information, appears t o  be 
acceptable chemically with respect t o  corrosion of the i ron by lead, t o  
contamination of the m e l t t y  FeC12, and t o  uptake of uranium by the 
molten lead. 
intermediate-scale loop tes t ing of these tentative conclusions. 

From the point of v i e w  of corrosion by the -' salt 

Future chemical development w i l l  require laboratory and 
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ANALYTICAL CHEMISTRY FOR TRE MOLTEN-SALT REACTOR 

J. C. White 

The program being carried out by the Analytical Chemistry Division 
for  the MS€E can be classified into two categories: (1) development and 
evaluation of the methods required for  the analysis of the MSRE fuel  and 
related problems and (2) investigation of the feasibi l i ty  of various tech- 
niques for  in-line monitoring of the fuel. 

Development and evaluation of methods have occupied the major portion 
of ' the program. 
of t h i s  period. 
tion. 
toring are: 
resonance, and. x-ray measurements. 
in-line measurements on the MSRE but t o  evaluate them for  possible future 
use on molten-salt reactors. 

This phase should be essentially completed by the end 
In-line analysis i s  i n  the i n i t i a l  phases of investiga- 

electrochemical analyses of the molten state,  electron spin 
Among the analytical techniques being considered fo r  in-line moni- 

It 'is not contemplated t o  use these 
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Methods Development 

t .  

f 

S h l e  Preparation 

Since the MSm fuel samples wi l l  be extremely radioactive, consid- 
l e  e f for t  has been given t o  sampling, transfer, and handling of the 

1 sample. The maximum expected activity of the sample taken for  anal- 
s (at 10 Mw power level)  wi l l  be of the order of 15 curies. The fuel  

s a l t  i s  also quite hygroscopic and consequently subject t o  hydrolysis. 
Thus chemical as well as activity considerations are. of paramount impor- 

H i g h  Radiation Level Analytical Laboratory hot ce l l s  using tools and 
'ce. The actual operation of sample preparation wi l l  be perfomed i n  

apparatus controlled by remote master slave manipulators. This equipment 
~ been especially designed for the MSRE. 

The sample wil l  be obtained by dipping a copper ladle into the molten 
The ladle i s  removed from the fuel, which i s  allowed t o  solidify, 

en placed into a lead-shielded container for  transport t o  the ana- 
. 
ca l  examination cell .  The transport container decoupling device i s  

shoyn i n  Fig. 1. 
(Fig. 2 ) , - i s  then placed into the pulverizer-mixer and agitated for  45 
sec:on the mixer m i l l  t o  crush and mix the salt. The top of the ladle 
i s  removed pr ior  t o  the operation by cutting with a specially bui l t  tubing 
cuttkr. 

ferred t o  a polyethylene bottle by means of the equipment shown i n  
3.  

The elapsed time from receipt of sample t o  transfer of prepared 

The copper ladle, f i l l e d  with approximately 10 g of salt 

The powdered salt i s  then removed from the pulverizer-mixer and 

Portions of the s a l t  can now be taken for  the appropriate anal- 
ysis. 
salt sample i s  about 2 hr. 

Dissolution of Sample 

The salt w i l l  be dissolved i n  a mixture of boric, ni t r ic ,  and sul- 

The approximate concentrations of the major constituents of the 
fur ic  acids. It i s  then diluted with water t o  ensure an acidity of 0.5 M - 
H2SO4. 
fuel i n  the diluted solution (1 g of s a l t  per 100 m l  of 0.5 M H2SO4) are: 
1.2 Li ,  0.7 Be, 0.1 U, and 1.0 Zr (these are expressed i n  mg7hl). Appro- 
priate size aliquots are then taken for  specific determinations. Approx- 
imately 3 hr  i s  required t o  weigh, dissolve, and dilute the sample. 

Separate samples wi l l  taken for  reducing power, fluoride, and 
oxide analyses. 
the s a l t  sample upon prolonged ng due t o  radiation d q e ,  the re- 
mining salt w i l l  be weighed 
fo r  possible future use 

Uranium 

I n  order t o  avoid possible evolution of fluorine from 

i n  a l ike  manner and se t  aside 

The determination of uranium i s  perhaps the most important analysis 
A number of well-evaluated methods that  are compatible with 

Controlled-potential coulometry' w i l l  
t o  be made. 
hot-cell operation are available. 
be used as the primary method of analysis because of i t s  inherent high 
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Fig. 1. Transport Container Decoupling Device for  MSRE Fuel. 
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Fig. 2, Container for Sampling MSRE Salt. 

Fig. 3.  Apparatus for Removing MSRE Salt  from Pulverizer-Mixer t o  
Polyethylene Sample Bottle 
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Fig. 4. Cell Assembly for Coulometric and Ampermetric Remote Ti -  
trations of Uranium, Zirconium, and Chromium. 

\ 
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LJ order of precision, easy adaptability t o  rembte operation, and applica- 
b i l i t y  t o  sulfuric acid solutions. A t i t r a t ion  c e l l  (Fig. 4 )  which in- 
cludes an S.C.E. reference electrode, a separated electrode of coiled 
platinum wire contained i n  0.5 M_H2SO4, and a Teflon-sleeved platinum 
are t o  connect t o  the mercury w a s  designed f o r  t h i s  method. A t e s t  so- 
lution representing approximately 500 pg of uranium i s  added t o  the c e l l  
which contains 3 m l  of mercury and 4 m l  of 0.5 M H2SO4. The solution i s  
deaerated for 10 min while st irring. 
of interference i s  accomplished by a prereduction a t  +0.075 V. 
i s  then reduced t o  U(1V) a t  -0.325 V. 
the 1O-p equivalent range i s  followed by means of an ORNL model Q-2514 
high-sensitivity coulometer and continued un t i l  the potential i s  reduced 
t o  approximately 5 vamp. 
read from an attached potentiometer. 
be t i t r a t ed  with a precision of the order of l e s s  than l$. 
i s  essentially free of interferences under normal circumstances of MSHE 
operation. 
t i t a t ive ly  i n  case a bias i n  the method i s  found. 

Essential& complete elimination 
The U ( V I )  

The progress of the t i t r a t ion  a t  

The readout voltage due t o  the t i t r a t ion  i s  
From 50 t o  500 yg of uranium can 

The method 

An extraction procedure i s  available t o  separate uranium quan- 

Zirconium 

An anrperometric method2 for the t i t r a t ion  of zirconium with cupferron 
has been developed for  the determination of zirconium. 
sembly (Fig. 4)  was fabricated i n  order t o  adapt t h i s  method t o  remote 
manipulation. 
the concentration of t h i s  complex is  measured electrically.  The progress 
of the t i t r a t ion  is  followed by an ORNL polarograph model Q-ll60 with the 
mercury pool a t  -0.5 v respective t o  the platinum. The t i t r a t ion  i s  con- 
tinued u n t i l  a sharp, vertical  inflection i n  the t i t r a t i o n  curve i s  ob- 
served. The method can be performed without any prior separations with a 
precision of about 1.5$. 

A t i t r a t ion  as- 

Zirconium forms a complex with cupferron i n  0.5 EH2SO4; 

Beryllium 

Beryllium w i l l  be determined by gamma activation3 using a 
source. 
of BF3 tubes. 
counting rate  i s  at  a maximum and is  independent of high voltage and 
pulse-height discriminator settings. 
beryllium i n  0.5 M H2SO4, i s  exposed t o  the 124 
are counted until-'O,OOO counts are collected. 
tained from standard solutions of beryllium, i s  tablished t o  permit 
f i n d  CtiLculations of concentration. 
tubes are used w h i  
strument so that  a 
is  necessary. 
t h i s  energy level can be eliminate 
precision of the method i s  about 2. 

The neutrons liberated by the y,n reaction are counted by means 
Instrument settings are established at which the net sample 

A t e s t  aliquot, usually 5 mg of 
source, and neutrons 
calibration factor, ob- 

Large (2-in. ) ~ O B F ~  neutron counter 
rease the neutron detection efficiency of the in- 

a source activity of only about 300 mc of 124Sb 
Interference caused by elements which absorb neutrons at  

the cadmium shield technique. The 
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Lithium 

. 

Li th ium will be analyzed, when required, by flame photometry. Since 
t h i s  determination is  relatively unimportant, no estimate of i t s  precision 
has been made as yet. 

Fluoride 

The pyrolytic determination of fluoride4 i s  carried out i n  an appa- 
A nickel reaction tube is  ratus designed f o r  remote operation (Fig. 5 ) .  

first heated t o  100o0C;and moist oxygen i s  passed through it a t  a rate of 
about 2 liters/min. A t e s t  portion, usually 100 mg of the sa l t ,  is  placed 
i n  a nickel boat and mixed with about 3 g of powdered U308 catalyst. The 
boat i s  inserted i n  the heated reaction tube, which i s  immediately sealed 
t o  prevent loss  of fluoride. 
quantity of sodium hydroxide. m e r  about 30 min the absorber solution 
i s  removed from the apparatus, and the excess caustic i s  t i t r a t ed  with 
standard hydrochloric acid. 
droxide neutralized by the absorbed hydrogen fluoride. 
of the order of l$. 

The evolved fluoride is  trapped i n  a known 

The fluoride i s  equivalent t o  the sodium hy- 
The precision i s  

Fig. 5. Apparatus for  Pyrolysis of Fluoride for  Hot-Cell Operation. 
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Since chromium serves as a means of monitoring the corrosion by the 

A 
f'uel, a reliable and accurate method of analysis i s  required. 
been achieved5 by development of an amperometric t i t r a t i o n  with Fe2+. 
t i t r a t ion  ce l l  assembly which includes a pyrolytic-graphite electrode and 
an S.C.E. was designed for  t h i s  method (Fig. 4). 
quantities, i s  oxidized t o  C r ( V I )  with argentic oxide i n  0.5 M H2SO4. 
C r ( V I )  i s  subsequently reduced t o  C r ( I I 1 )  by t i t r a t i o n  with FPf; t h i s  
reduction causes a decrease i n  diff'usion current, which is  measured 
perometrically. 
larograph, model &-1160, with the pyrolytic-graphite electrode a t  +loo 
respective t o  the S.C.E. The t i t r a t ion  i s  continued un t i l  a sharp de- 
flection i n  the curve i s  observed. The t i t r a t i o n  of chromium can be per- 
formed without any prior separations, and the precision i s  of the order 

This has 

Chromium, i n  5- t o  50-pg 
The 

The progress of the t i t r a t ion  is  followed by an ORIiL PO- 

of 1.55. 

Iron, Nickel, and Molybdenum 

These corrosion products w i l l  be determined by emission spectroscopy 
or by spectrophotcunetric procedures. 
t h i s  application. 

Standard methods are available for  

Fission Products 

The f iss ion products w i l l  be determined by standard radiochemical 
procedures. 

Oxide 

Knowledge of the oxide concentration of the MSRE f'uel i s  highly de- 
sirable i n  the course of operation of the reactor. The determination of 
small amounts of oxide i n  the MSRE f'uel is, unfortunately, extremely dif- 
f i cu l t  and*complicated due t o  problems imposed i n  handling highly radio- 
active materials. 
used on nonradioactive s a l t s  i s  not applicable because of hot-cell l i m i -  
tations. As a result ,  most effor t  has been devoted t o  the inert-gas fu- 
sion t e c h ~ i q u e , ~  i n  which the salt i s  confined i n  an enclosed graphite 
cup and heated by induction t o  about 2400°C. Under these conditions the 
oxides react with the graphite t o  form CO, which i s  then measured gas 
chromatographically a f t e r  oxidation t o  C02. 
studied; pure ZrO2 has been used as a standard source of oxygen since 
much, if not al l ,  of the oxide i n  the MSRE f'uel wi l l  probably be present 
i n  this form. 

The high-pressure high-temperature fluorination method6 

This method i s  s t i l l  being 

Reducing Power 

The reducing power of the fuel  i s  considered t o  be an indication of 
i t s  t r ivalent  uranium' concentration. 
U3+; any element or compound capable of reacting with the hydrogen ion 
t o  l iberate  hydrogen w i l l  be included i n  the reducing-power value. 

The method used i s  not specific for 

The c.i . 
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method currently under investigation i s  that  of reacting the salt with 
t r i t i a t e d  HC1 t o  l iberate t r i t i u m  as well as hydrogen. 
converted t o  water and collected, and the tritium i s  counted by sc in t i l -  
la t ion techniques. The method is  capable of the great sensit ivity which 
i s  needed t o  detect trace quantities of tr ivalent uranium. 

The two gases are 

I n  all these procedures, such factors as ease of installation, ma- 
nipulation, and replacement of equipment and apparatus have been given 
foremost consideration. The size of equipment and apparatus i s  held t o  
amminimum since hot-cell space i s  drastically limited. Manual operations 
that  must be performed with master slave manipulators are also reduced t o  
a minimum. 

Reactor O f f - G a s  h a l y  si  s 

, 

A gas chrounatograph featuring the high-sensitivity helium breakdown 
detector was specially designed fo r  instal la t ion i n  the sample station 
of ORNL-MTR-47-6. 
sub-ppm concentrations of CF4 together with ppm concentrations of krypton 
and xenon emerging from the capsules; (2) t o  detect traces of permanent 
gas impurities i n  the helium purge gas; and (3) t o  obtain data essential  
for  the design of a chromatograph for  the analysis of off-gas fromthe 
MSKE reactor. 

The objectives of t h i s  instrument were (1) t o  determine 

The essential  feature of this chromatograph i s  the helium discharge 
detector i n  which the voltage tha t  i s  developed across the gas gap be- 
tween two closely spaced electrodes ref lects  the gas composition. 
pure helium i n  the detector and currents i n  the microampere range, a po- 
t en t i a l  of about 500 v is  developed across the electrodes. 
i s  reduced by as much as several hundred volts by the passage of contami- 
nants eluted from a chrounatographic column. 
tector i s  limited primarily by the noise level  so tha t  under optimum con- 
ditions certain permanent gas impurities can be detected a t  cpncentrations 
as low as 5 ppb. 
are about 3 ppb for  krypton, 5 ppb for  xenon, and 30 ppb for  CF4. 

With 

This potential 

The sensit ivity of the de- 

During periods of stable operation, detection limits 

The following data were obtained with the instrument from the in-pile 
tes t :  

1. Permanent gas contaminants were present i n  the purge gas i n  much 
greater than anticipated concentrations. 
methane, and occasionally CO were observed, frequently i n  concentra- 
t ions above the range of the instrument (estimated >2OO ppm). 
purification system removed a t  l ea s t  9% of the oxygen and about 90$ 
of the nitrogen. 
moved on passage through the capsules. 

The concentration of f iss ion gases i n  the capsule purge was subject 
t o  rapid fluctuations, sametimes severalfold, apparently e i ther  the 
result of bubbling of the fie1 or of flow perturbations introduced 
by check valves. 

Hydrogen, oxygen, nitrogen, 

The 

Oxygen, when present, was almost quantitatively re- 

2. 

The concentration of -ton paralleled that  of 
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xenon so tha t  an Xe/e  ra t io  of 4.2 was maintained i n  agreement with 
mass spectrographic measurements. 

No CF4 was detected i n  the surge gas (<250 ppb) a t  maximwn insertion 
and l o w  purge rates ( a 0  cm /hr). Moreover, CF4 was not detected i n  
capsule effluent when the capsules were purged with helium containing 
1 p p  of CF4. 
No evidence of adverse effects on the chromatograph or changes i n  
sensit ivity of the detector resulting from radioactivity were ob- 
served. 
were recovered within the reproducibility of the fission-gas-genera- 
t ion  rate. 

For a particular current the response for  krypton and xenon remained 
constant within about lo$ despite variation i n  temperature and radio- 
activity. 
depended on the immediate history of samples analyzed. 

A s  had been noted i n  laboratory tes t s ,  reducing gases such as hydrogen 
and methane frequently introduced violent base -line noise, while CF4 
diminished t h i s  noise. 

Standard additions of krypton and xenon through the capsules 

The response for  CF4 was variable over a factor of 2 and 

On the basis of this experience it i s  concluded that  t h i s  type of 
instrument offers considerable promise for  applications t o  the MSFE re- 
actor. 
for  CF4 analysis. 
I n  addition, a multicolumn instrument, which would permit the determina- 
t ion  of C02 and possible resolution and identification of the unknown 
contaminants, should be considered. An all-metal sampling valve should 
be developed t o  provide long-term service a t  higher activity levels. 

The detector should be modified t o  provide improved s tab i l i ty  
(Tests of various electrode materials are i n  progress.) 

In-Line Analysis 

The advantages of in-line analysis and control of the fuel chemistry 
are so obvious and appealing that a portion of the a m m i c a 1  effort has 
been turned toward t h i s  objective. 
the immediate knowledge of chemical behavior of the fuel. 
the magnitude of the task i s  as great as i t s  potential. 
formation i s  required before adequate assessments of any of the techniques 
can be made. Electrochemical analysis is, i n  theory, adaptable t o  in- 
l ine control and i s  especially attractive with regard t o  direct  analysis 
of corrosion products and other electroactive species i n  the molten MSRE 
fuel. 
been reported. 
chromium. 
i n  this direction also. 
pyrolytic graphite, "glassy" carbon, and pyrolytic boron nitride are be- 
ing used i n  molten-salt solutions and offer much potential also. 
area l i e  the most promising prospects for  in-line analysis. 

Not the l ea s t  of such advantages i s  

Much basic in- 
Unfortunately, 

The electrochemical behavior of iron8 and nickelg i n  fluorides has 
Investigations are under way on the characteristics of 

Oxide analysis i s  also possible, and ef for t s  are being made 
Solid electrodes made from such materials as 

I n  th i s  

Feasibility studies of the possible determination of oxidation s ta tes  
of uranium i n  the MSRE f'uel by electron-spin-resonance measurements have 
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been carried out. Initial results are mildly encouraging. Adequate sen- 
s i t i v i t y  i s  only achieved at  very low temperatures (77'K) which poses ob- 
vious d i f f icu l t ies  when applied t o  a fuel  a t  high temperature. 
fluorescence and absorbance measurement techniqpes are also under study. 

X-ray 
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Introduction 

The development of molten-salt reactors that  circulate fluoride 
mixtures depends on the availabil i ty of a material of construction tha t  
w i l l  contain the mixtures for the l i f e  of the reactors and also afford 
the required structural  properties a t  operating temperatures. In the 
MSRE, the material must be compatible with a graphite-fluoride system 
and resistant t o  oxidation i n  a i r  or air-nitrogen mixtures as well as 
resistant t o  corrosion of fluorides; a l l  while i n  the presence of a 
neutron flux. Since the reactor i s  a dynamic system that operates at  
about 1200°F, the material should have good elevated-temperature strength 
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and ductil i ty.  
cally stable i n  t h i s  environment of high temperatures, corrosive fluids, 
and irradiation. Finally, such a material must be fabricable into large 
and complex engineering structures, such as pumps and heat exchangers. 
Thus, it must be easily welded, cast, and worked into such forms as tubes, 
plates, forgings, etc.  

It is  further required tha t  the material be metallurgi- 

The container material' selected for  the MSRE i s  the alloy INOR-8, 
also known as Hastelloy N and INCO. 
the Aircraft Nuclear Propulsion Program and w a s  viewed as the most 
promising container material for  molten fluorides exposed t o  the severe 
(3?AI0°F) ANP conditions. The properties of t h i s  alloy are considered t o  
be more than adequate for  MSRE application. Considerable e f for t  and ex- 
pense were devoted by the ANP Program t o  determine general metallurgical 
and fabrication data for  INOR-8. 
of the alloy appeared desirable i n  order t o  make it more economical and 
give it improved properties under MSRE conditions, these changes were 
precluded by the adequacy of the material, the avai labi l i ty  of INOR-8 
data, and the cost and t i m e  required t o  obtain metallurgical data for  a 
new alloy. 
for  a l l  parts of the MSRE exposed t o  molten sa l t s .  

This alloy w a s  developed a t  ORNL i n  

Although several changes i n  the chemistry 

INOR-8 has therefore been selected as the structural  material 

The metallurgical developments i n  support of the MSRE have been 
limited t o  establishing the compatibility of INOR-8 i n  a molten-salt- 
graphite system a t  MSm conditions and t o  generating the metallurgical 
information necessary t o  design, fabricate, and operate the reactor. 
Included i n  t h i s  work w a s  the preparation of standards for  materials 
procurement and for  the fabrication of components. 
metallurgical achievements i s  presented. 

A description of these 

Description of INOR-8 

INOR-8 is a nickel-base alloy (see Table 1) tha t  i s  solution- 
strengthened with molybdenum and has sufficient chromium t o  be oxidation 
resistant;  however, the chemistry has been controlled t o  preclude aging 
embrittlement. The aluminum, titanium, and carbon contents are limited 
t o  minimize severe fabrication and corrosion problems, and the boron 
content i s  limited t o  prevent weld cracking. Iron is  included t o  allow 
f l ex ib i l i t y  i n  s tar t ing materials during melting. 
permissible combinations of elements allowed by the chemistry specification 
were studied, and i n  no case did any undesirable b r i t t l e  phases develop. 
Carbides of the form M23C6 and M6C exis t  i n  the alloy and are stable t o  
a t  least 1800OF. 

The extreme examples of 

1 properties of INOR-8 are shown i n  Table 2. Specific heat, 
e lec t r ica l  res is t ivi ty ,  thermal expansion, and thermal conductivity data 
a l l  show inflections i n  temperature curves, indicating tha t  an order- 
disorder reaction may be occurring i n  t h i s  alloy a t  approximately 1200'F. 
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Table 1. Chemical Composition Requirements for the 
Ni-Mo-Cr Alloy - INOR-8 

Element Percent& 

Nickel 
Molybdenum 
chromium 
Iron 
Carbon 
Manganese 
Silicon 
Tungsten 
Aluminum + titanium 
Copper 
Cobalt 
Phosphorus 
S U l f k  

Boron 
Others, total 

Remainder 
15.00-18.000 
6.00-8.00 

5 .OO 
0 . O M  .08 
1.00 
1.00 
0.50 

0.50 
0.35 
0.20 

0.015 
0.020 

0.010 
0.50 

* 
.I 

. '  

aSingle values are maximum percentages W e s s  
otherwise specified. 
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Table 2. Physical Properties of INOR-8 

. 

. 
t 

Density, 
P 

Electrical Resistivity, Thermal Conductivity, 
P k 

[Btu ft-’ hr-’ (OF)-’ ft] P Temperature 
(pohm-cm) (OF) 

Temperature ($a3) (lb/in.3) Temperature 
(OF) 

RT 8.93 0.320 RT 120.5 300 6.94 
1300 126 .O 575 8.21 
1500 124.1 825 9.25 

985 10.40 
1165 11.56 
1475 13.87 

Specific Heat Coefficient of Thermal Expansion 

Temperature [in. in.-’ (OF)-’] 
(OF) 

[Btu lb (OF)-’] Temperature 
(OF) 

140 0.098 21h752 7.0 x 
572 0.109 752+1112 8.4 x 

1292 0.138 21>1832 8.6 x 
loo0 O.ll.5 1llh1832 9.9 x 10-6 

Modulus of Elasticity, E 

Temperature E (Ib/in.’ x lo6) Temperature E (lb/in.’ x lo6)  (OF) (OF) 

I 

55 31.5 1475 23.7 
425 29 .O 1575 22.7 
775 28.0 1650 21.9 
925 27.0 1750 20.7 

1075 26.3 1825 19.1 
1175 26 .O 1925 17.7 
1300 24.8 

Corrosion Resistance of INOR-8 to Molten Salts 

Corrosion of metals in salt mixtures occurs by oxidation of the 
metal components to their fluoride salts, which are readily dissolved by 
the molten fluorides. This precludes any possibility of protection by 
passivation of the metal surface by corrosion products, and the extent of 
corrosion is then controlled by the thermodynamic driving force of the 
oxidation reaction. Oxidation reactions stem from three sources, which 
are indicated in Fig. 1. These reactions involve (1) impurities in the 
salt, (2) impurities on the metal, and ( 3 )  components of the salt (UFg). 

In the case of INOR-8 and similar multicomponent systems, corrosion 
is manifested by the selective oxidation and removal of the least-noble 
constituent. In INOR-8 this element is chromium. When it becomes 
depleted, subsurface voids form in the depletion zone. 
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1. Impurities in the Melt: 

Example: 

FeF2+ G 4 CrF2+ Fe 

Other Impurities: 

NiF2, CrF , CrF4, FeF3, HF, and UF5 3 
2. Oxide Films on Metal Surfaces: 

Example: 

2Fe203+ 3 GF4 + 3 Crop + 4 FeF3 

Importance: 

FeF3 mw reacts with cr by 1 

3. Constituenk in the fuel: 

Example: 

Cr+  2 UF4 + 2 UF3 + CrF2 

Fig. 1. Ty-pes of Reactions Associated with Chromium Removal. 

An extensive corrosion program was conducted to determine the extent 
to which nickel alloys would be attacked by molten salts in plythermal 
systems. In the 
first phase, the corrosion properties of 13 fluoride salt mixtures were 
compared in INOR-8 thermal-convection loops operated for 1000 hr. 
salt mixtures, whose compositions are listed in Table 3 ,  were selected to 
provide an evaluation of (1) the corrosion properties of beryllium-bearing 
fuels, as compared with earlier property data amassed for zirconium-base 
fuels; (2) the corrosion properties of beryllium-fluoride mixtures con- 
taining large quantities of thorium; and ( 3 )  the corrosion properties of 
non-fuel-bearing fluoride coolant salts. 

The program was conducted in three sequential phases. 

Specific 

The second phase of testing, which again used thermal-convection 
loops, subjected systems that demonstrated their compatibility in phase I 
tests to more extensive investigations for longer time periods and at two 
temperature levels. The third phase of out-of-pile testing was conducted 
in forced-circulation loops2 at flow rates and temperature conditions 
simulating those of an operating reactor system. 
tions employed in each test phase are shown in Table 4 .  

The temperature condi- 

1 
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Table 3. Compositions of 
Corrosiveness in Inconel 

Molten-Salt Wxtures To Be Tested for 
and INOR-8 Thermal-Convection Loops 

Composition (mole $) 

NaF LiF KF ZrF4 BeF2 UF4 Ti34 
Salt 

De signat ion 

122 
129 
123 
124 
125 
126 
127 
128 
130 
131 
133 
134 
135 
136 

BLJLT-14 + 0.5U 

Fuel and Blanket Salts 
57 42 
55.3 40.7 
53 46 
58 35 
53 46 

53 46 
58 35 
71 
62 37 
60 36 
71 16 
62 36.5 

53 45.5 
70 10 
67 18.5 

Coolant Salts 
12  11.5 42 
84 27 38 

1 
4 
1 

0.5 
1 

1 
4 

0.5 
0.5 

0.5 
20 

7 
0.5 

7 
29 

13 
1 
1 

14 

Table 4. Operating Temperatures To Be Used in Various Phases 
of Corrosion Testing 

Operating Temperatures (OF) 

Difference Between 

Sections 
Maximum Hot and Cold 

Phase 1 
Fuel mixtures 
Coolant salts 

Phase 2 
Fuel mixtures 
Coolant salts 

Phase 3 
Fuel mixtures 
Coolant salts 

1250 
1125 

125@-l350 
105S1250 

1300 
1200 

170 
125 

170 
170 

200 
200 
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Init ial  screening studies of INOR-&fluoride salt systems produced 
no measurable a t tack during the 1000-hr t e s t  interval.  
t e s t s  are  summarized i n  Table 5. 
tems developed f o r  phase I tes t ing  were included i n  the phase I1 corrosion 
program. 
are summarized i n  Table 6. 
l imited t o  surface roughening and p i t t i ng  t o  a depth of 1/2 m i l .  
is  representative of the at tack found i n  these loops. 
cases was accompanied by the formation of a t h i n  surface l6yer which i s  
discussed below i n  conjunction with phase I11 tes t s .  
regions of these loops revealed no deposits o r  other evidence of mass 
t ransfer  . 

Results of these 
Accordingly, the  majority of salt sys- 

Results of phase I1 tests, which were conducted fo r  8760 hr, 
The maximum at tack i n  phase I1 tests was 

Figure 2 
Attack i n  most 

Examination of cold 

Chemical analyses of salt samples removed from hot- and cold-leg 
sections of phase I and I1 t e s t s  showed increases i n  chromium concentra- 
t i o n  of 5Ck100 p p .  
steady or drop s l igh t ly  during loop operation. 

Nickel and i ron concentrations tended t o  either hold 

I n  the th i rd  phase of the program, 15 of the forced-convection loops 
were made of INOR-8 and 9 of Inconel. 
duration of these tests. Tubular i n se r t s  i n  the heated sections of some 
of the loops provided information about the w e i g h t  losses occurring during 
the tes t s ;  salt samples taken from the pump bowls provided a semicontinu- 
ous indication of corrosion product concentration i n  the circulat ing 

Table 7 gives a summary of the 

system. 

A summary of the operating conditions and the  r e su l t s  of metallo- 
graphic examination of the INOR-8 loops a re  presented i n  Table 8. 
lographic examination of i n se r t s  removed a f t e r  5000 hr of loop operation 
showed no evidence of surface attack. When tests exceeded 5000 hr, how- 
ever, a thin,  continuous surface layer  w a s  evident along exposed sur- 
faces, as shown i n  Fig. 3. In  the most severe case of a t tack found i n  a 
20,000-hr t e s t ,  t h i s  layer reached a m a x i m u m  depth of 2 mils and was 
found t o  contain subsurface voids (see Fig. 4 ) .  
zone was apparent between the layer and the base metal, and analysis of 
the layer showed it t o  be composed predominantly of nickel with smaller 
amounts of iron, chromium, and molybdenum. 
similar t o  the intermetall ic phase Ni4Mo. 

Metal- 

No t rans i t ion  or  diff'usion 

The layer had a composition3 

Increasing the maximum temperature of the forced-convection loop 
from 1300'F t o  1400'F did not vary the resu l t s .  
1500'F maximum temperature, surface at tack was  manifested by the appear- 
ance of subsurface voids t o  a depth of 4 mils, as shown i n  Fig. 5, and 
the surface layer was not observed. 

However, i n  loops with 

The weight losses of corrosion inser t s  contained i n  the hot legs  of 
loops a t  1300, 1400, and 1500°F are shown i n  Table 9. 
tures, weight losses were 2 t o  5 %/an2- and showed l i t t l e  change after 
5000 hr of loop operation. 
thicknesses; however, i f  uniform attack is  assumed, w e i g h t  losses indicate 
w a l l  reductions.of 2 t o  12 p. 

A t  MSRE tempera- 

No measurable changes were found i n  the w a l l  

. 

. . 
- 
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L 
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Table 5. Operating Conditions and Results of Phase I INOR-8 
Thermal-Convection Loop Tests 

(operating time: 1000 hr) 

Chromium Concentration 
of Salt Mxture 

Depth of (PPI Temperature 
of Hot Section Attack 

Before After NO. No. (OF) (mils ) 
Test Test 

1203 125 
1204 131 
1221 128 
1164 124 
1165 12 
1179 130 

1197 126 
1205 129 
1227 134 
1228 133 
1229 135 

1241 136 
1242 136 
1195 84 
1194 12 

1250 0 72 
1250 0 30 
1250 0 37 
1250 0 200 
1250 0 
1250 0 120 

1250 0 20 
1250 0 265 
1250 0 96 

1250 0 190 
1250 0 90 

1125 0 30 
1125 0 68 

1250 0 15 

1350 4 2  rn 

235 
79 
70 
300 

l o (? )  
150 
163 
315 
78 
193 
49 
209 
30 
284 
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Table 6. Results of Metallographic Examination of Phase II INOR-8 Thermal-Convection Loops 

Maximum 
Metallographic Examination 

Fluid-Metal salt 
No. No. 

Test 

Cold-leg Hot-leg Appearance 
Temperature (OF) Appearance 

1162 6360 

1224 8760 

1226 8760 

1231 8760 

1238 8760 

1244 8760 

1246 8760 

1233 8760 

1240 8760 

1216 8760 

1219 8760 

1200 8760 

1196 8760 
1185 8760 

1206 8760 

1212 8760 

1215 8760 

1209 8760 

1190 8760 

1208 8760 

1250 

1350 

1250 

1250 

1350 

1250 

1350 

1250 

1350 

1350 

1350 

1250 

1350 

1250 

1350 

1250 

1350 

5350 
1250 

1250 

123 

123 

131 

134 

134 

135 

135 

133 

133 
127 

122 

130 

130 

126 

126 

125 

125 

128 

127 

12 

Modemte surface roughening and pitting 

Moderate surface roughening and pitting 

Moderate surface roughening, f i lm 1/2 

to 3/4 mi l  

to 1 mi l  

to I mi l  thick 

light surface roughening and pitting to 

Light surface roughening 

< 1/2 m i l  

light surface roughening, moderate voids 

Light surface roughening 

No attack; very shallow corrosion f i lm 

Light surface roughening 

Moderate surface roughening and pitting 
to < 1/2 mil, light voids to < 2 mils 

light surface roughening 

light surfoce roughening, pits less than 

and pits to < 1 mi l  

1 m i l  

l ight surface roughening 

light surface roughening 

Light surface pitting 

Moderate pits < 1 mil i n  depth 

Moderate surface roughening 

Heavy surface roughening 

Light surface roughening, pits less than 

Moderate’surface roughening and pits up 

1 mil  

to 1 mi l  deep 

No attack 

No attack 

Light surface 
roughening, with 
1/2-miI corrosion 
f i lm 

No attack 

Noattack, very 
shallow corrosion 
f i lm present 

No attack 

No attack 

No attack 

No attack 

No attack 

No attack 

light surface 
roughening 

No attack 

No attack 

No attack 

No attack 

light surface 
roughening 

No attack 

No attack 

No attack 
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Fig. 2. Typical Appearance of Metallographic Specimen a t  Hot Leg 
of INOR-8 Thermal-Convection Loop i n  Phase I1 Tests. 

1 Table 7. Summary of Forced-Convection Loop Operation 
I 

I -  

INOR-8 Inconel 

Number of Total Hours Number of Total Hours 
Length of T e s t  

Operated Tests Operat e d 
(hr) 

T e s t s  

3,000- 5,000 2 6,440 

6,000-10,000 6 52,680 5 44,760 

11,0OO-15,000 4 54,370 2 28,190 

16,000-20,000 5 99,950 

Total hours accumulated 207,000 79,390 



Table 8. INOR-8 Operating Conditions of'Forced-Convection Loops and Results of Metallographic 
Examinations of Loop Materials 

9354-1 

9354-3 

9354-4 
9354-5 
MSRP-6 
MSRP-7 
MSRP- 8 
MSRP-9 
MSRP-10 
MSRP-11 

MSRP-12 
MSRP- 13 

MSFP-14 
MSRP- 15 
MSRF-16 

14,563 126 

19,942 $4 

15,140 
14,503 
20,000 
20,000 
9,633 
9,687 
20,000 
20,000 
14,498 
8,085 

- 
130 
130 
134 
133 
124 
134 
135 
123 
134 
136 

9,800 BnT-14 + 0.5u 
10,200 BULT-14 + 0.5U 
6,500 BULT-14 + 0.5U 

1300 

1200 

1300 
1300 
1300 
1300 
1300 
1300 
l300 
I300 
1300 
1300 

1300 
1400 
1500 

200 

100 

200. 
200 
200 
200 
200 
200 
200 
200 
200 
200 

200 
200 
200 

2000 

3000 

3000 
3000 
2300 
3100 
4000 

2300 
3400 
3200 
2300 
3900 

2.5 

2.0 

2.5 
2.5 
1.5 
1.8 
2 .o 
1.8 
2 .o 
2 .o 
1.8 
2 .o 

Heavy surface roughening and p i t t i ng  

No attack, s l igh t  t race of metallic 

No at tack 

No at tack 
Pi t ted surface layer t o  2 mils 
Pit ted surface layer t o  1 mil  

No at tack 

No at tack 
Pi t ted surface layer  t o  142 m i l  

P i t ted surface layer t o  1 mil 
No at tack 
Heavy surface roughening and 

Pi t ted surface layer t o  1/2 mil  

Pi t ted surface layer t o  2/3 mil 
Moderate subsurface void formation 

t o  1 4 2  mils 

deposit i n  cooler c o i l  

p i t t i ng  

t o  4 mils 

K 
0 

c 
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Fig. 3.  Typicall Appearance of Metallographic Specimen a t  Point of 
Maximum W a l l  Temperature of INOR Forced-Convection Loop. 

Fig. 4. Metallographic Specimen, Showing Maximum Corrosion Observed 
i n  Forced-Convection Loop Operating at  1300'F for 20,000 hr. 
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Fig. 5. Typical Appearance of Corrosion a t  Point of Maximum Temper- 
ature of Forced-Convection Loop Operating a t  1500°F. 

I 

Table 9. Corrosion Rates of Inserts Located in the 
Hot Legs of INOR-8 Forced-Convection Loops as a 

F'unction of Operating Temperature 

Loop temperature gradient: 2W°F 
Flow rate: approximately 2.0 g p  
Reynolds No.: -3ooo 

Weight Loss Equivalent Insert 
salt Temperaturea Time per Loss in LOOP 

No. Kixture (hr) Unit Area wall Thickness 
(mg/m2 1 (PI 

9354-4 uob I300 5,000 1.8 2 .o 

(OF) 

10,ooo 2.1 2.3 
15,140 1.8 2 .o 

MSFU?-14 BULT-14' 1300 2,200 0.7 0.8 
8,460 3.8 4.3 
10,570 5.1 5.8 

MSRP-15 BULT-14C 1400 8,770 ll.2 12.7 
10,880 10 .od ll.2 

MSRP-16 BULT-14' 1500 5,250 9.6 10.9 
7,240 9 .od 9.1 

a 

bLiF-BeF2-UF4 (62-37-1 mole 8 ) .  
CLiF'-BeF2-ThF4-UF4 (67-18.5-14-0.5 mole 5). 
'Average of two inserts. 

Same as maximum wall temperature. 
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Chemical analysis of salt samples that were periodically withdrawn 
from the loop showed a slight increase in chromium concentration, while 
concentrations of other metals remained unchanged. 
the chromium concentration reached an asymptotic limit after about 5000 
hr of operation, as shown in Fig. 6. 
ppm at 1300°F and between 600 and 800 ppm at 1400 and 1500°F. 

During a typical run, 

This limit was between 300 and 500 

The corrosion data for INOR-8, exposed in the p p  loops, indicate 
that corrosion reactions with fluoride salts at MSRE temperatures are 
essentially complete within the first 5000 hr of operation, do not 
generally exceed 1 mil even after 20,000 hr, and are probably associated 
only with impurity reactions. 
occurs due to temperature increase until about 1500°F. At this tempera- 
ture, noticeable depletion of chromium occurs, as indicated by subsurface 
voids, and the corrosion mechanism associated with components of the salt 
is probably effective. 
INOR-8 appears to be ample, even for the temperature excursions or hot 
spots that could occur during the MSRE reactor operation. 

No significant increase in corrosion 

The safety factor of the corrosion resistance of 

Compatibility of Graphite and INOR-8 in Molten Salt 

Since the MSRE uses a graphite moderator in direct contact with 
molten-salt f'uel, the compatibility of graphite and INOR-8 in a fluoride 
fuel was investigated. 

The tendency for INOR-8 to be carburized was investigated in static 
pots containing LiF-BeF2-UF4 (67-32-1 mole $) and graphite at 1300°F for 
times ranging from 2000 to 12,000 hr. 

Fig. 6. Concentration of Corrosion Products in Fluoride Salt Cir- 
culated in an INOR-8 Forced-Convection Loop. 

u 
s 
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N o  carburization was metallographically detected on specimens from 
any of the above tests. 
included in each test, and these properties are listed in Table 10. 
comparison of the tensile strengths and elongation values of the tested 
specjaens with those of the control specimens indicates that no signifi- 
cant change occurred. 

Tensile properties were determined on specimens 
A 

These data indicate that unstressed INOR-8 is not detectably carbu- 
rized in the fuel-graphite system at the conditions described above. 

For the purpose of evaluating the compatibility of graphite and 
INOR-8 in a circulating fluoride f'uel, an INOR-8 forced-convection loop 
of the design shown in Fig. 7 was operated4 for 8850 hr. 
ated at a maximum temperature of 1300'F and circulated a fluoride mixture 
of LiF-BeF2 -UF4. 

The loop oper- 

Upon completion of the test, components from the loop were checked 
metallographically and chemically, and specimens were checked for dimen- 
sional changes and weight changes. The tests indicated that 

Table 10. Tensile-Test Results on INOR-8 Specimens Exposed to 
Fuel-Graphite Systems Compared with Control Specimens 

Exposed to Argon for Various Times 

Control Specimensa Test Specimen& 

Tensile Tensile Elongation Strength 
(psi x 10-3) ($ in in*) (psi x 10-3) 

Elongation 
Strength ($ in 2 in.) 

Time of Test 

123.2 
123.0 
124.7 
127.7 
130.8 
130.6 

74.6 
75.9, 
72.8 
76.7 
78.9 
72.8 

Room-Temperature Tests 
42.5 124.8 41 .O 
42 .O 124.5 43 .O 
39 .O 124.2 36 .O 
43.5 128.2 36.5 
43 .O 130.3 41 .O 
36.5 126.7 36.3 

1250°F Tests 
18.0 75 -6 18.5 

16.5 74.5 16 .O 
17.5 76.6 19 .o 
15 .O 80.8 17.5 
15.5 75.8 17.0 

76 .O 19.0, 20.0 76.2, 74.3 18.5, 18.5 

a 

bTest specimens were exposed to IdF-BeF2-UF4 (62-37-1 mole $) and 

Control specimens were exposed to argon at 1300°F for the times in- 
dicated. 

graphite at L300'F for the times indicated. 
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1. 

2. 

3 .  

4 .  

5. 

There was no corrosion or erosion of the graphite by the flowing 
salt. 
There was very little permeation of the graphite by the salt, and the 
permeation that occurred was uniform throughout the graphite rods. 
The various INOR-8 loop components exposed to the salt were not 
carburized. 
The INOR-8 components exposed to the salt and graphite were negli- 
gibly attacked. 
With the possible exception of oxygen contamination, the salt appeared 
to have undergone no chemical changes as a result of exposure to the 
graphite test specimens. 

Oxidation Resistance of INOR-8 

The oxidation resistance of nickel-molybdenum alloys depends on the 
service temperature, the temperature cycle, the molybdenum content, and 
the chromium content. 
alloy passes through a maxim for the alloy containing 15$ Mo, and the 
scale formed by the oxidation is NiMoO4 and NiO. 
from above 1400°F to below 660"F, the NiMoO4 undergoes a phase transfor- 
mation which causes the protective scale on the oxidized metal to spall. 
Subsequent temperature cycles then result in an accelerated oxidation 
rate. Similarly, the oxidation rate of nickel-molybdenum alloys contain- 
ing chromium passes through a maximum for alloys containing between 2 and 
646 Cr. 
cycling and to the molybdenum content because the oxide scale is predomi- 
nantly stable CrzO3. An abrupt decrease (by a factor of about 40) in the 
oxidation rate at 1800°F 
creased from 5.9% to 6.246. 

The oxidation rate of the binary nickel-molybdenum 

Upon thermal cycling 

Alloys containing more than 6$ Cr are insensitive to thermal 

is observed; then the chromium content is in- 

The oxidation resistance of INOR-8 is excellent, and continuous oper- 
ation at temperatures up to 1800°F is feasible. 
peratures as high as 1900'F could be tolerated. 
1200"F, the oxidation rate is not measurable; it is essentially zero after 
1000 hr of exposure in static air, as well as in nitrogen containing small 
quantities of air (the MSRE cell environment). 
dation of 0.001 to 0.002 in. would occur in 100,000 hr of operation at 
1200°F. 
shown in Fig. 8. 

Intermittent use at tem- 
For temperatures up to 

It is estimated that oxi- 

The effect of temperature on the oxidation rate of the alloy is 

Mechanical Properties of INOR-8 

Mechanical properties tests were performed on eight commercial-size 
heats of INOR-8. 
Company,6 the Battelle Memorial Institute,7 and the University of 
Alabama.8 Results indicated that the strength of INOR-8 compares favor- 
ably with austenitic stainless steels. 

Tests were conducted at ORNL,~ the Haynes Stellite 

. 
/-. 

U * 

i 



. 
e 
D 

5.0 

8 

4.5 

4.0 

3.5 

N! 
N 
E 3.0 

z 
5 
- 

N- 2.5 

(3 

I- 
I 

2.0 
3 - 

1.5 

4 .O 

0.5 

t 

c 

0 

0 

Fig. 

347 

UNCI 
ORNL-C 

SSlFlED 
; 64-28! 

./ 
u 
.A- 

? 

? 



348 

Five of the heats were experimental ones and were used to establish 
design data for the alloy. These data were reviewed by the ASME Boiler 
and Pressure Vessel Code Committee, and INOR-8 was approved for code 
construction in Code Case 1315, subject to the allowable stresses cited 
in Table ll. 
mately 30$ below these values to allow an added safety factor for possible 
unknown irradiation effects. 

The original design values used for the MSRE were approxi- 

The remaining three heats, randomly selected from material used to 
fabricate MSRE components, were tested to evaluate the effects of large- 
scale production and improved quality requirements. In general, the 
mechanical properties of these three heats were significantly better than 
those of the earlier experimental heats, from which design data were 
established. 

Tensile Properties 

Tensile tests were performed in air using sheet- and rod-type speci- 
Figure 9 is a summary of the ultimate tensile strengths at temper- mens. 

atures from ambient to about 1800°F. 
strength for purchase specifications is included. The 0.2% offset yield 
strength over the same temperature range is shown in Fig. lo. 
for elongation and for reduction in area are illustrated in Figs. 11 and 
12 respectively. Metallographic data indicated that heats with very low 
carbon and, consequently, large grain size tend to exhibit lower tensile 
and yield strengths. 
values at all temperatures. 

The minimum specified tensile 

The values 

Heats with similar grain size showed comparable 

Tensile tests of notched specimens were performed using a notch 
radius of 0.005 in. 
1.07 to 1.38 at test temperatures from ambient to 1500'F. 

The notched-to-unnotched strength ratios varied from 

Creep Properties 

Creep tests were performed on sheet and rod specimens in both air 
and molten salts. 
range, but a few tests were conducted at temperatures up to 1700°F. 
Summary curves representing stress vs minimum creep rate for the MSRE 
heats of INOR-8 are shown in Fig. 13. These data for heat 5055 are 
plotted to show the time to various strains at 1300°F in Fig. 14. 
rupture life of INOR-8, plotted as a f'unction of stress, is shown in 
Fig. 15. 

Most of the testing was confined to the 1100 to 1300°F 

The 

Fatigue Properties 

Rotating-beam fatigue tests were conducted on INOR-8 at 1100 and 
1300°F by Battelle Memorial In~titute.~ 
the major variables studied. The results are shown in Figs. 16 and 17. 

Grain size and frequency were 

. 
8 c' 
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Table 11. Maximum Allowable Stresses for INOR-8 Reported by 
ASME Boiler and Pressure Vessel Code 

Maximum Allowable Stress 
(Psi 1 Temperature 

Bolting 
(OF) Material Other 

Than Bolting 

100 25,000 10, 000 

200 24, 000 9 , 300 

300 23 , 000 8,600 

500 20, 000 7,700 

600 20 , 000 7,500 

800 18,000 7 , 000 

900 18,000 6,800 

1000 17 , 000 6 , 600 

1100 13 , 000 6 , 000 

1200 6,000 3 , 500 

1300 3 , 500 1,600 

4.00 21, 000 8,000 

700 19 , 000 7,200 
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The thermal-fatigue behavior of INOR-8 was investigated at the 
University of Alabama. 
range vs cycles to failure, and results are seen to obey a Coffin-type 
relation. 
well as rapid cycling and hold-time cycling. 
obtained fromtwo specimen geometries. 
with isothermal strain-fatigue data on this alloy. 

Figure 18 presents a graph of the plastic strain 

The tests involved several maximum tempratures, as noted, as 
Furthermore, the data were 

These data show good agreement 

An analysis of these same tests, based on a plastic strain energy 
criterion, indicates that the total plastic work for failure of INOR-8 
by fatigue is constant in this temperature range. 
plotted in Fig. 19 as plastic strain energy vs cycles to failure. It is 
seen that the data for 1300 and 1600'F fit curves having the same slope 
(- -1) but different intercepts. The intercept values (at N = 1/2) are 
in fair agreement with plastic strain energy values derived &om tensile 
tests at the appropriate temperatures. 

The data have been 

Mechanical. Properties of INOR-8 Irradiated at Elevated Temperatures 

Subsize tensile specimens of INOR-€4 have been irradiated in the B-8 

They were 
lattice position of the ORR. 
solid-solution heat treatment at 1175°F prior to irradiation. 
irradiated at 1300'F for approximately 2000 hr to a dose of 5 to 12 x lo2' 
nvt (fast and thermal). 

The specimens (heat 5081) were given a 

The tensile properties of irradiated and unirradiated alloys with 
similar thermal histories are compared in Table 12 as f'unctions of defor- 
mation temperatures for given strain rates. 
in yield stresses were observed, although the yield stress behaviors were 
slightly different at 600 to 750'F. However, irradiation markedly re- 
duced the ultimate and true tensile stresses for deformation temperatures 
of 1112'F and above. The ductility was also affected by irradiation, and 
again the effect was confined to deformation at elevated temperatures. 
The true fracture strain was approximately equal to the true uniform 
elongation for the irradiated specimens. 
uniform strain, and total elongation were all reduced by irradiation. 

No significant differences 

Therefore, the fracture strain, 

The influence of strain rate at elevated temperatures was investi- 
The effect of irradiation gated, and these data are given in Table 13. 

increases with decreasing strain rate. 
effect of irradiation on the uniform elongation and true fracture strain 
may reach a maximum at a temperature that is strain-rate sensitive. 

Figure 20 indicates that the 

The effect of postirradiation annealing on the elevated-temperature 
properties has been investigated. Numerous investigations have shown 
that postirradiation heat treatments at 1750 to 2000'F anneal the damage 
that causes irradiated stainless steel to be brittle when deformed at 
ambient temperature to 212'F. Irradiated INOR-8 samples were heated for 
0.75 hr at 2150'F prior to deforming at 1300 and 1650OF. The properties 
of the irradiated alloy given the postirradiation heat treatment are com- 
pared to those of the irradiated alloy not heat treated in Table 14. The 
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Table 12. Tensile Strength and Ductility of Irradiated and Unirradiated INOR-8 (Heat 5081) 

Stress (ksi)  Ductility ($) 
Deformation 
Temperature Yie ld  Strength True Tensile Strength True Uniform Strain True Fracture Strain 

Irrad. Unirrad. Irrad. Unirrad. , Irrad. Unirrad. Irrad. Unirrad. 

RT 
100 
200 
300 
400 

500 

600 

700 
800 

4.6.3 
43.9 
38.4 
36 .O 
35 .O 
35.8 
32.5 
31 .O 
28.5 

45.5 
43.9 

40.7 
40.7 
40.7 
35.8 
36.2 
34.1 
30 -9 

168.6 
159.5 
150.6 
154.3 
14.6.9 
129.5 
82.4 
53.4 
38.4 

166.5 
161 .O 
157.5 
147 .O 
153 .O 
144.0 
109 .o 
102.8 

59.9 

42.3 
40.1 
40.3 
42.2 
40.2 
35.3 
11.8 
8 .O 
3.7 

40.6 
40.3 
41.9 

37.9 
39.3 
42.4 
26.7 
30.8 
12.2 

42.5 
44.6 
42.5 
44.6 
42.5 

21.9 
11.6 
6.9 

39 .O 
37.2 
50.7 

41.4 
4.6.9 

31.6 
42.1 
86.6 
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Table 13. Strain-Rate Sensit ivity of I r radiated and Unirradiated INOR-8 (Heat 5081) 

Stress  (ks i )  Ductil i ty (qd) 

True Tensile True Uniform True Fracture Deformation Strain 
Temperature Rate Yield Strength Strain Strength Strain ("a (per min) 

Irrad. Unirrad. Irrad. Unirrad. Irrad.  Unirrad. Irrad.  Unirrad. 

500 0.2 

500 0.02 

500 0.002 

600 0.2 

600 0.02 

600 0.002 

700 0.2 

700 0.02 

32.7 

35.8 

34.4 

32.9 

32.5 

34.2 

30.5 

31.0 

700 0.002 32.1 

34.9 

35.8 

37.4 

34.1 

36.2 

34.6 

30.9 

34.1 

33.7 

136.1 

129.5 

122.5 

112.7 

82.4 

63.1 

66.8 

53.4 

47 .O 

145.6 

144.0 

131.5 
134.4 

109 .o 
106 .O 

106.5 

102.8 

80.5 

41.2 

35.3 

32.3 

31.2 

17.7 

10.3 

13.5 

8.0 

5.6 

42.3 

42.4 

33.3 

38.9 

26.7 

29 e9 

32.2 

30.8 

20 .o 

46.6 53.4 

51.4 
Ld 

4 
36.5 34.2 VI 

36.5 48.7 

21.9 31.6 

13.2 29.7 

19.2 39.2 

11.6 42.1 

7.8 29 .O 

800 0.2 29.3 29.3 45.7 79.8 6.7 11.6 

800 0.02 28.5 30.9 38.4 59.9 3.7 12.2 6 e 9  86.6 

800 0.002 29.3 32.5 32.2 42.9 1.8 6.5 4.9 93.7 
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Effect of Irradiation on the Ductility of INOR-8 a t  Ele- 

Table 14. Influence of Postirradiation Heat Treatment 
of 1 hr a t  2150'F on the Tensile Properties of INOR-8 

a t  a Strain Rate of 0.002 min-' 

~~ 

Tensile Elongation 
Yield Strength Measured 

(ks i )  
(ksi) i n  1 in. ($) Deformation Postirradiation Stress Temperature Heat Treatment 

( O N  

Ultimate True Uniform Total 

1300 As irradiated 32.1 44.3 47 .O 5.8 6.1 

1300 1 hr a t  2150'F 30.5 41.5 44.2 6.3 6.4 

1650 As irradiated 23.2 23.2 23.3 0.4 d . 4  

1650 1 hr a t  2150OF 23.5 23.5 23.6 0.6 0 *7 
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s t a b i l i t y  of the  irradiation-induced defect associated with the elevated 
temperature problem i s  remarkable. 

A comparison of the effects  of i r rad ia t ion  a t  the lower and upper 
l i m i t  of neutron exposure given the INOR-8 a re  shown below: 

True Elongation 
($1 Yield  Ultimate Tensile 

Stress Strength 

Neutron Dose 
(nvt 1 

Fast Thermal (ks i )  (ksi) Strength (ksi) Uniform Total 

5 x 1020 6 X lo2' 33.3 44.0 4.6 .O 4.5 4.7 

12 x 1021 1.2 x 1021 32.1 44.3 47.0 5.8 6.1 

The differencek observed i n  these data obtained a t  1300°F and a t  a s t r a i n  
r a t e  of 0.002 min-' a re  believed t o  be insignificant.  

In  summary, the duc t i l i t y  of INOR-8 i n  the absence of i r rad ia t ion  is  
The considered t o  be low a t  deformation temperatures of 1472 and 1650OF. 

low, uniform elongations decrease with decreasing s t r a i n  ra te .  The de- 
crease i n  uniform s t r a i n  i s  accompanied by a large increase i n  fracture 
s t r a i n  and a reduction i n  t rue  fracture  stress. The alloy appears t o  
work-soften at  elevated temperature a t  a specific temperature tha t  i s  
s t r a i n  rate sensit ive.  

The e f fec t  of i r rad ia t ion  a t  high temperatures on the mechanical 
properties of INOR-8 i s  similar t o  the e f fec t  observed on austeni t ic  
s ta in less  steels and other nickel-base alloys. 
thermal neutrons t h a t  apparently produce helium when boron atoms i n  the 
grain boundaries are irradiated.  
properties of the i r radiated m e t a l  occurs only a t  temperatures above 
1ll2'F. 
rate. The effect  i s  primarily one of lowering the duct i l i ty .  
the ultimate s t r e s s  and the t rue  t ens i l e  s t r e s s  are  markedly reduced f o r  
those deformation temperatures at  which the alloy's work-hardening 
coefficient i s  high. 

This effect  is caused by 

The deterioration i n  the duct i le  

The magnitude of the e f fec t  increases with decreasing s t r a i n  
However, 

Studies a re  now 
on the creep strength 
designs. 

i n  
of 

progress t o  determine the e f fec ts  of i r rad ia t ion  
INOR-8 which i s  the primary c r i te r ion  for  E R E  

Fabrication of INOR-8 

Melting and Casting 

The melting and casting of INOR-8 can be carried out by using con- 
ventional practices f o r  nickel and i t s  alloys. Air and vacuum induction, 
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e lec t r i c  arc, and consumable arc  melting methods have been successfully 
emplcyed. 
together with sulfur  contamination. 
titanium are added t o  deoxidize the metal. 
the use of boron as a deoxidizer because of i t s  adverse e f fec ts  on 
weldability . 

The usual precautions must be taken t o  avoid gassy m e l t s  
Manganese, si l icon, aluminum, and 

Care must be exercised i n  

The alloy has been cast  i n  molds of water-cooled copper, graphite, 
rammed magnesia, and cast  iron. 
and volutes were made from INOR-8 sand castings. 
these castings were made by the Cerami-Sand Process of General Alloys 
Company. 
the chemistry specification fo r  wrought material. Radiographic quali ty 
levels  of the castings were class  1 (ASME Boiler and Pressure Vessel 
Code) i n  areas of high stress and c lass  2 i n  other areas; however, con- 
siderable w e l d  repair  w a s  required t o  obtain this  quality. 

Both the fuel and coolant pump impellers 
More than 15 sets of 

Chemistry requirements f o r  the castings d id  not deviate from 

- 
Mechanical properties tests were performed on specimens made from 

sand-cast blanks as well as on investment cast  material. Results indi- 
cated tha t  the t ens i l e  strength of sound cas t  metal i s  about 60% of that 
fo r  wrought metal and the 0.2$ of fse t  y ie ld  strength f o r  cast  material 
i s  about 80$ of that f o r  wrought material. 
of greater than 20% a t  all temperatures. 
fo r  cas t  material a t  1100 t o  1700'F indicated that it w a s  stronger than 
wrought material, and the conventional MSRE design strengths are therefore 
considered suitable f o r  cas t  metal. 

Most castings had elongations 
Short-term s t r e s s  rupture t e s t s  

Forming 

INOR-8 has been produced on a commercial basis i n  a variety of shapes, 
such as plate, sheet, rod wire, and welded and seamless tubing, by con- 
ventionalmethods of hot and cold forming. 
were made f o r  the MSRE, amounting t o  almost 200,000 l b  of material. 

More than 27 heats of INOR-8 

Hot forging of INOR-8 ingots has been successfully carr ied out both 
on press- and hammer-type forges between 1832 and 2250'F. 
is  readily accomplished between 2100 and 2200'F using reductions of about 
10% per pass. 
f o r  extrusion r a t io s  of 4 : l t o  12:l. Extrusion rate is  one of the most 
c r i t i c a l  variables i n  tube blank extrusion; it should be kept t o  about 
1 in.  of b i l l e t  length per second i n  order t o  avoid hot cracking. 

Hot ro l l ing  

The optimum extrusion temperature range is  2150 t o  2200'F 

The duc t i l i t y  of INOR-8 at  room temperature allows cold-working 
operations such as roll ing,  swaging, tube reducing, and drawing t o  be 
performed sucessfully. The al loy work-hardens rapidly, as shown i n  
Fig. 21, and therefore requires frequent annealing i n  order t o  prevent 
the formation of s p l i t s  and cracks. 
of about 50% is  possible. 

Between anneals a reduction i n  area 

The forming of INOR-8 heads fo r  the MSRE was attempted using hot 
spinning techniques as w e l l  a s  hot- and cold-forming methods. Spinning 
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t 

was attempted at 2100 to 2150'F with the INOR-8 plate sandwiched between 
steel plates. 

region of low ductility. 
method for producing INOR-8 heads. 

Cracking occurred in the flanges and radii of all the 
' shells. This was due to the material's cooling too rapidly into the 

As a result spinning was discontinued as a 

Heads 3 to 4 ft in diameter were successfully made by the hot- 
forming method using starting temperatures of 2000 to 21OO'F. 
terial cooled to temperatures as low as 1550°F during working but did not 
crack. 
INOR-8 heads. Heads as small as 9 in. in diameter by 1/2 in. thick and 
as large as 60 in. in diameter by 1-1/8 in. thick (reactor vessel) were 
made in this manner without the use of intermediate anneals. 

This ma- 

Cold forming was the most successful method used to fabricate 

Machining 

INOR-8 was found to machine in a manner similar to other nickel-base 
alloys, such as the Hastelloy type. Standard cemented carbide tools, 
cutting speeds of about 35 to 50 f p  and feeds of 0.015 in. or less, gave 
best machining results. 
0.005 in. in order to machine below the work-hardened surface that occurs 
in this alloy. 
in. was accomplished at speeds up to 150 fpn. 

Depths of finishing cuts were kept greater than 

Rough machining using a cutting depth of 0.250 to 0.375 

Heat Treatment 

INOR-8 can be fully annealed by treating it at 2150 k 25'F for ap- 
proximately 1 hr per inch of thickness, or a minimum time of 10 to 15 min. 
For bright annealing an atmosphere of dry hydrogen is satisfactory. 

The approximate recrystallization temperatures for INOR-8 have been 
determined to be I350 and 1500OF for 80 and lo$ cold-worked materials 
respectively; this was with annealing times of 1 hr. 

The chemical specification for INOR-8 is such that the alloy is not 
able to be age hardened by the precipitation of Ni Mo intermetallic com- 
pounds at lloo to 1500'F. 
precipitate eutectically and ~3.11 spheroidize as a result of the fabrica- 
tion and annealing treatment. High-temperature annealing of the wrought 
material, for example, between 2100 and 2250°F, results in partial solu- 
tion of the carbides which then precipitate as fine particles when the 
temperature of material is lowered to, for example, 1500OF. 
aging response has been attributed to the reprecipitation of the carbides. 

Heat-treatment requirements for INOR-8 parts in the MSRF, call for 
the material to be annealed after any forming or working and to be stress- 
relieved after final fabrication. 
2150 k 25OF, and the temperature used for stress-relieving is 1600 k 25OF. 

X Y  
Carbides initially present in the alloy will 

A slight 

The temperature used for annealing is 

Q '  
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The cooling r a t e  at  temperatures above 6W°F f o r  any complex com- 
rponent is ./.oo"/hr per inch of thickness. 
was  done after welding and heavy machining i n  order t o  give dimensional 
s t a b i l i t y  a t  operating temperatures and t o  improve duc t i l i ty  i n  the 1.500 
t o  1800'F range. 

Where possible, stress-relieving 

Cleaning and Descaling of INOR-8 

Special precautions were taken t o  keep INOR-8 components clean and 
free of harmful materials. After machining, forming, etc., and pr ior  t o  
any welding or heat treatment, the alloy was degreased using a solvent 
such as perchloroethylene and then inspected f o r  cleanliness. 
were sulfur-containing compounds allowed i n  contact with the alloy. 
aluminum, lead, and mercury were not allowed t o  contact the alloy i n  
order t o  preclude t h e i r  presence a t  elevated temperatures where undesira- 
ble reactions occur between these materials and INOR-8. 

A t  no time 
Also, 

Oxide removal from INOR-8 was generally done by the vapor b l a s t  
method because of the  safety and convenience of t h i s  technique; however, 
other methods were a l so  successfully used, such as processing with sodium 
hydride and also pickling i n  a 30% HN03-5$ HF bath at  140°F. 

Welding 

INOR-8 i s  readily weldable by the inert-gas-shielded tungsten-arc 
process using weldrod with no changes i n  chemistry from the wrought ma- 
t e r i a l .  Welding procedures and specifications fo r  welding the alloy t o  
Inconel and t o  austeni t ic  s ta in less  s tee ls ,  as well as t o  i tself ,  are 
l i s ted  i n  Table 15. These procedures a re  similar t o  the  welding pro- 
cedures f o r  other nickel-base alloys, such as Inconel. 

The mechanical properties of INOR-8 weld metal are very similar t o  
those of INOR-8 wrought metal. 
which compares INOR-8 with age-hardenable Hastelloy B and Hastelloy W. 

E a r l y  tests of some experimental heats of INOR-8 indicated a sus- 
cep t ib i l i t y  t o  weld-metal cracking of the type shown i n  Fig. 23 when 
these materials were subjected t o  welding under res t ra in t .  Consequent 
studies showed t h a t  weld-metal cracking tendencies can be induced i n  
heats with an abnomally high boron content and t h a t  the  crackingtenden- 
c ies  can be eliminated by the addition of 276 Nb or  by improving deoxida- 
t i o n  and purif icat ion procedures during melting. A change t o  the chemis- 
try specification (see Table 16) and a weldability t e s t ing  of a l l  heats 
of material purchased fo r  the  MSRE has resul ted i n  weldments of the  
quali ty shown i n  Fig. 24. A comparison of the mechanical properties of 
the experimental heat that had cracking tendencies (INOR-8 SP-23) with 
the properties of an INOR-8 having a revised chemistry i s  shown i n  
Table 17. 

That no aging occurs i s  shown i n  Fig. 22, 
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Table 15. Welding Specifications for INOR-8 Material 

. 

Title Specification Date 
No. Issued 

MET-WR-2 

MET-WR-3 

w-23 

FS-24 

FS-25 

-26 

MET-ws-1 
MET-ws-2 

m-ws-3 

m-WR-m 

8/23/63 

6/23/61 

1/1/58 

1/5/60 

3/15/60 

l2/20/61 
ll/21/61 

2/16/62 

ll/6/63 

Welding of High-Nickel Alloy Components for 
Euclear Service 

Welding and Brazing Requirements of Nickel- 
Molybdenum-Chromium Alloy Test for Plate 

Qualification Test Specification Inert-Gas 
Shielded Tungsten Arc Welding of INOR-8 
Alloy w i n g  

ORNL Procedure Specification D.C. Inert-Gas 
Shielded Tungsten Arc Welding of INOR-8 
Auoy 

0% Procedure Specification D.C. Inert-Gas 
Shielded Tungsten Arc Welding of INOR-8 
Alloy Pipe, Plate and Mttings 

ORNL Procedure Specification D.C. Inert-Gas 
Shielded Tungsten Arc Welding of INOR-8 
Alloy Pipe, Plate and Fittings 

Joint Design for Welding of INOR-8 
Machining Details for Matching Single- 

Interpretation of Weld SymboLs of Compny 

Procedure for Inspection of Welding of High 

Welded Joints 

Drawings 

Nickel Alloys 

Table 16. Chemical Composition Requirements for the 
Ai-Ma-Cr Alloy - II~OR-~ 

Percents 
Original Specification Revised Specification 

Element 

Nickel 
MDlybdenum 
Chromium 
ITOn 

Carbon 
Manganese 
Silicon 
Tungsten 
Aluminum + titanium 
Copper 
Cobalt 
Phosphorus 
sulfur 
Boron 
Vanadium 
Others 

Remainder 
15 .00-18.Oo 
6.W 8.00 

5 .00 
0.04- 0.08 

0.80 
0.50 

0.50 

0.50 

0.35 
0.20 
0.010 
0.015 
0.010 

0.50 

Remainder 
15 .CO-l8.00 
6.00- 8.00 

5 .OO 
0.04- 0.08 

1.00 
1.00 
0.50 
0.50 

0.35 
0.20 
0.015 
0.020 
0.010 
0.50 

'Sime w u e s  are maximum percentages unless otherwise specified. 
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Fig. 22. Room-Temperature Mechanical Properties of Hastellay B, 
Hastellay W, and INOR-8 Weld Metal i n  the As-Welded Condition and After 
Aging a t  1200OF. 
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Fig. 23. Weld Metal Cracking i n  Heat SP-23 of INOR-8. 

Fig. 24. Weld Metal Structure of Heat 5055 of INOR-8, Showing No 
Cracking. , 
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Table 17. Comparison of 
INOR- 8 

the Mechanical Properties of Transverse Specimens from High Restraint 
Welds Before and After Material Composition Revision 

Room Temperature Tensile 1300°F Tensile Stress Rupturea 

Rupture Total Material 
Time Strain 

Designation Elongation Tensile Yield Elongation Tensile Yield 

w (% 1 Strength Strength ($1 Strength Strength (hr) ( 4 6 )  (3 .-- , .I a 
_. - 

Original 
composition 

28 105,600 67,800 8 59,600 43,100 7.5 1.7 

Revised 40 ll4,200 70,000 16 67,200 47,200 96.5 5'. 8 
composition 

Stress of 27,500 psi at 1300'F. a ~ 
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Component Fabrication Development 

Heat Exchanger Tube-to-Tube-Sheet Attachment 

The INOR-8 tube bundle of the primary heat exchanger of the MSRE, 

Procedures 
shown i n  Fig. 25, contains 163 1/2-in.-diam X 0.42-in.-wall U-tubes 
welded t o  a 1-1/2-in.-thick tube sheet 18 in.  i n  diameter. 
were successfully developed for welding and back brazing the 326 closely 
spaced tube-to-tube sheet jo in ts  i n  the unit ,  and the actual  tube bundle 
w a s  fabricated without incident. 
shown i n  Fig. 26 provides a double seal between the fue l  and coolant 
salts and w a s  used because of the necessity fo r  high jo in t  integri ty .  

The welded and back-brazed design 

Grooves were trepanned i n  the weld side of the tube sheet so that 
low-restraint edge-type welds could be made. 
duces the cracking problems associated with welding thin-walled tubes 
t o  thick tube sheets. Welding and assembly procedures were developed 
tha t  provided welds of high quali ty with a minimum of roll-over. 
conditions are  given i n  Table 18. 

This technique greatly re- 

Welding 

The 82 A w l 8  N i  ( w t  $) brazing alloy used i n  th i s  application i s  
corrosion resis tant ,  ductile, and produces jo in ts  exhibiting sat isfactory 
mechanical strength. A unique jo in t  design, incorporating a trepan 
groove and feeder holes i n  the tube sheet, w a s  used f o r  the braze side. 
The purpose was t o  prevent the brazing alloy from melting and flowing 
along the thin-walled tubes before the heavy tube sheet reached the 
brazing temperature. 

A f t e r  the determination of optimum welding and brazing conditions on 
several subsize and ful l -s ize  mockup samples, the actual  un i t  was  con- 
structed. Nondestructive inspection of the welds revealed no defects. 
The general flow of the brazing alloy w a s  good, and ultrasonic examination 
of brazed joints  showed only minor, scattered porosity. m e  completed 
uni t  passed both the helium leak t e s t  and the 800-psi hydrostatic t e s t .  

Development and Manufacture of MSRE Control Rod Elements 

A t o t a l  of 160 E R E  control rod elements were manufactured by 
Westinghouse Atomic Fuel Department. 
aluminum oxide bushings clad with Inconel, as shown i n  Fig. 27. 
about 1-1/2 in .  long with an I D  s l igh t ly  larger  than 3/4 in .  and a w a l l  
thickness of about 3/8 in .  
are  made by pressing and s inter ing prereacted powder, s t a r t i ng  as 70$ 
gadolinium oxide and 20% aluminum oxide. 
developed a t  ORNL i n  order t o  minimize shrinkage and eliminate the possi- 
b i l i t y  of hydrolysis, with subsequent deterioration of the so l id  pel le ts .  

The elements are  gadolinium o x i d e  
They are  

Each element contains three bushings which 

The use of prereacted powder was 

The prereacted materials have densit ies as high as 6.0 g/cm3. This 
compares with a theoret ical  maximum of 5.89 g/cm3 f o r  a fully dense mix- 
ture. 
primarily a perovskite-type phase GdAlO3 with an excess of OLA1203. 

X-ray diffract ion analysis ident i f ied the reacted material t o  be 
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Fig. 25. MSRE Primary H e a t  Exchanger Components. 

Table 18. Welding Conditions for MSE Tube-to-TubeSheet Joints 

Electrode material 
Electrode diameter 3/32 in. 
Electrode taper 30" including angle 
ELectrode-to-work distance 0.035 in.  (determined by 

Electrode position 

Tungsten + 2s thoria 

feeler gage) 
0.005 in. outside joint interface 

for  full 360" rotation (S.002 
in. concentric) 

Inert  gas Argon (99.995% purity) 

Gas f l o w  ra te  
Welding amperage 39-40 
Electrode travel speed 7.3 in./min 

Weld overlap (full amperage) S O "  
Weld overlap (amperage 120-150 

Welding position Flat 

1Sl3 cfh 

taper) 



370 

UNCLASSIFIED 
ORNL-LR-OWG 65682R3 

( 0 )  BEFORE WELDING AND BRAZING 

( 6 )  AFTER WELDING AND BRAZING 

Fig. 26, Schematic Drawing of Welded and Back-Brazed Joint Design. 

UNCLASSIFIED 
ORNL-DWG 64-1105R 

\INNER TUBE L OUTER TUBE 

Fig, 27. MSRE Control Rod Element. 
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The manufacturing process for the bushing included the mixing of 
the A1203 and Gd2O3 powder and prereacting a t  1700'F. 
products were crushed, b a l l  milled, sized, pressed in to  a bushing, and 
sintered at  1450'F. 
by heating t o  1GO"F and quenching i n  w a t e r .  
were visually inspected fo r  any chips or  cracks. 

The reaction 

Each bushing was then given a thermal shock t e s t  
After grinding, the bushings 

The top closure w a s  welded t o  the outer and inner walls by the auto- 
matic tungsten-arc, inert-gas shield process (TIG). 
heated t o  1500'F t o  drive off absorbed gases. 
found necessary because some of the first elements bulged owing t o  gas- 
pressure buildup during heating a f t e r  canning. 
loaded in to  the  can, the bottom closure w a s  pressed on i n  a helium 
atmosphere, and the f i n a l  two bottom closure welds were made. 

The bushings were 
This heat treatment w a s  

The bushings w e r e  then 

After a preliminary dimensional inspection, a helium leak check, 
and a fluorescent penetrant inspection, the elements were heated t o  1700'F 
i n  air i n  order t o  preoxidize the Inconel and thus prevent self-welding. 

Prototype control rod elements were subjected t o  repeated thermal 
and mechanical shocks i n  the control-rod r i g  test  from room temperature 
t o  lGO'F. 

These were examined radiographically and dimensionally a f t e r  24 (1 
cycle), 350, and 600 hr of operation tha t  included approximately ll,OOO 
cycles and 1700 simulated scrams. Holes w e r e  made i n  one can t o  expose 
the Gd203-Al203 t o  air  for  the f i n a l  250 hr of tes t ing.  

No measurable dimensional changes i n  the metal cans were noted 
throughout the test. 
the first cycle, and severe cracking i n  both the ax ia l  and transverse 
direction w a s  observed a t  later stages. 
ratchett ing w a s  evident, and no condition was  observed that might a f fec t  
the nuclear or m e c h a n i c a l  performance of the control-rod elements. 

Axial cracks were radiographically observed a f i e r  

However, no crumbling or 

MSRE Material Surveillance Program 

Surveillance specimens of INOR-8 and type CGB graphite w i l l  be placed 
i n  a central  position of the reactor core t o  survey the effects  of reactor 
operations on these materials. 
used t o  fabricate the reactor primary system and moderator. Identical  
control specimens wi l l  be exposed t o  a duplicate thermal history while 
submerged i n  fue l  salt i n  an INOR-8 container t o  different ia te  between 
the e f fec ts  of temperature and the effects  of i r radiat ion.  Specimens 
w i l l  be removed from the reactor and examined a f t e r  s i x  months of oper- 
ation and then again after periods of operation tha t  should resu l t  i n  
meaningful data based on the resu l t s  of the first s e t  of specimens. 
specimens will replace the material removed. 

The specimens will be made from the stock 

New 
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The analysis of INOR-8 specimens w i l l  include metallographic ex&- 
nation for structural changes and corrosion effects, mechanical proper- 
ties, and a general check for material integrity and dimensional changes. 
The analysis of the graphite specimens w i l l  include metallographic and 
radiographic examination for salt permeation and possible wetting effects, 
mechanical properties tests, dimensional checks for shrinkage effects, 
chemical analysis for deposits on the graphite, electrical resistivity 
measurements, and a general inspection for material integrity. 

summary 

The materials problems attendant to containing molten salts 
fuel-bearing fluid for a power reactor have been studied extensiv$ly for 
a number of years. The mechanisms by which alloys are attacked by these 
salts have been defined, and an alloy inherently resistant to sucE;cor- 
rosion has been developed. 
operating for pefCiods of from one to two years, have demons 
validity of the corrosion model and the corrosion resistance of 

Problems of melting, casting, forming, and joining h 
gated, and it is noted that INOR-8 offers no unusual diff 
of these categories. The physical and mechanical propert 
have been measured, and sufficient data are available to est 
criteria. Irradiation effects are being studied and large r 
nents have been made from this alloy. 
INOR-8 successfully meets the requirements of a construction material for 
the MSRE. For additional assurance, surveillance specimens will be placed 
in the core of the MSRE and examined periodically. 

Thermal- and forced-convection 

It is therefore concluded that 
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Sumnary 

The graphite purchased for the MSRE, grade CGB, i s  a new 
nuclear graphite ,hat i s  basically an extruded petroleum coke 
bonded with coal t a r  pitch heated t o  2800°C. 
i s  obtained through a series of impregnations and heat t reat-  
ments. 
perimental equipment and processes were used on a commercial 
scale for  the first t i m e .  
in.-square X 72-in.-long bars which were machined t o  the re- 
quired shapes. The average bulk density i s  1.86 g/cm3. I ts  
matrix i s  not permeated by molten sa l t s  under conditions more 
severe than those expected i n  the MSRE. It exceeded all the 
requirements specified for the MSRE except that  it had longi- 
tudinal cracks. Tests indicated that the cracks should not 
have any significant adverse effect on the operation of the 
MSRE. 
posures between 0.60 X lo2' t o  1.40 X lo2' nvt (E > 2.9 Mev) 
indicated that t h i s  should not create any important adverse 
effects on the operation of the MSRE. 

Low permeation 

The f inal  heat treatment was a t  2800°C or higher. Ex- 

The graphite was produced as 2-1/2- 

The shrinkage of the graphite at 350 t o  475°C under ex- 

Major Requirements and Procurement 

The major requirements f o r  unclad graphite for the MSRE and for  
large central-station power plants are low permeation by salt, low per- 
meability t o  gas, and a f+Uly graphitized structure that w o u l d  be least  
affected by irradiation. 
salt reactors, only small pieces of superior-grade graphite produced i n  
the laboratory appeared t o  have the desirable qualities. 
specifications for  the MSRE were written around the properties of these 
laboratory-prepared superior grades of graphite, the requirements of 
large-scale power reactors, and reasonable limits of current graphite 
technology. The l a t t e r  required that the gas permeability requirement 
not be specified since it certainly would be better tban the best cam- 
mercial grades of extruded and f'ully graphitized material. 
also dictated that a 2-in.-sqpare extruded bar was about the maximum 
practical size . 

When we began looking for graphite for  molten- 

Therefore, the 

The technology 

Fixed-fee bids were solicited. Only one vendor, the Carbon Products 
Division of Union Carbide Corporation, bid t o  supply the graphite for  the 
MSRE. 
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ExperFmental equipment and processes were used on a commercial scale W -  
for the first time t o  produce the MSRE graphite designated as grade CGB. 
It was produced as 2-1/4-in.-square X 72-in.-long bars which were machined 
by the vendor t o  the shapes required for  the MSRE. 

The graphite i s  basically an extruded petroleum coke bonded with 
coal t a r  pitch heated t o  280OOC. 
series of impregnations and heat treatments. 
t e r i a l  are fired t o  2800°C or higher. 
readily, th i s  means that  the product should be essentially a well-graph- 
i t ized material. 

Low permeation i s  obtained through a 

Since a l l  components graphitize 
A l l  components of the ma- 

It is  highly anisotropic. 

The properties of grade CGB graphite are summarized i n  Table 1. These 
data are combinations of those obtained by the Carbon Products Division 
as part of their  fulfillment of the purchase contract plus those obtained 
by ORNL as part of their  studies. The discussion that follows i s  limited 
t o  some of the major properties of the graphite as related t o  the require- 
ments of the MSRE and large-scae power plants. 

Chemical Composition and Oxygen Content 

Chemical analyses made by the Carbon Products Division on samples 
taken from 5% of the graphite supplied for the MSRE indicated that it 
meets the chemical composition requirements. 
2 with the specified values and those of a spot-check analysis made by 
ORNL. 

These are compared i n  Table 

The boron level i s  moderate and was set  t o  keep the nuclear cross 
section of the graphite reasonably low. 
the sulfur embrittlement of the INOR-8. 

The sulfur was limited t o  avoid 

A composite sample fromthree bars was analyzed spectrochemically. 
Calcium and magnesium were the only additional elements present, and 
these were less  than 10 and100 ppm respectively. 

Grades of graphite tested prior t o  the grade CGB graphite had rela- 
tively high oxygen contamination, which tended t o  detrimentally contami- 
nate the molten fluoride salts.' 
salts were  adjusted t o  protect against uranium precipitation as an oxide. 
However, the quantity of chemisorbed oxygen i n  grade CGB graphite i s  re l -  
atively low, and it does not appear t o  present a problem t o  the MSRE. 

Because of this, the compositions of 

P 

The measurement of the chemisorbed oxygen was determined by placing 
specimens i n  a closed gas system, evacuating t o  SlcT3 tor r  a t  room tem- 
perature, and measuring the STP volume of carbon monoxide evolved from 
the graphite a t  1800°C. 
cm3 of CO per 100 cm3 of graphite, respectively, a t  ORNL2#3 and the Carbon 
Products Division. 
100 cm3 of graphite permitted by the specification. 

The oxygen content was determined t o  be 4 and 9 

These are well under the maximum of 30 cm3 of CO per 
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Table 1. Properties of MSHE Core Graphite, Grade CGB 

Physical properties 
Bulk density,a g/cm3 

Range 
Average 

Porosity,b 
Accessible 
Inaccessible 
Total 

With grain 
A t  90°F 
A t  1200°F 

Normal t o  grain 
A t  90°F 
A t  1200" F 

Thermal conductivity,a Btu ft-l hr-l ("F)'l 

Temperature coefficient of eqansion,c ( "F)'l 
With grain 

A t  68°F 

Normal t o  grain 
A t  68°F 

Specific heat,d Btu lb-I (OF)" 
A t  0°F 
A t  200" F 
A t  600°F 
A t  1000" F 
A t  1200°F 

Matrix coefficient of pemeabi l i tp  t o  helium 

Salt absorption a t  150 psig,& vol '$ 
Mechanical strengthb a t  68°F 

Tensile strength, psi  

a t  70°F, cm2/sec 

With grain 
Range 
Average 

Normal t o  grain 
Range 
Average 

With grain 
Range 
Average 

Flexural strength, psi  

1 . 82-1 89 
1.86 

4.0 
13.7 
17.7 

112 

63 
34 

0.27 X 1Cr6 

1.6 X 1Cr6 

0.14 
0.22 
0.33 
0.39 
0.42 
3 x 1 ~ 4  

0.20 

1500-6200 
1900 

110W500 
1400 

30003000 
4300 



Table 1 (continued) 

Mechanical strengthb a t  68'F 
Flexural strength, psi  

Normal t o  grain 
\ Range 

Average 

With grain 
Normal t o  grain 

Modulus of elasticity,  psi  

1 Compressive strength,d psi  
chemical purityf 

Ash, w t  $ 
Boron, w t  Q 
Vanadium, w t  $ 

Oxygen, an3 of CO per 100 an3 of graphite 
Irradiation dataa 

(Exposure: 
Shrinkage, $ (35W75'~) 

mfur, wt k 

1.0 X lo2' nvt, E > 2.9 MeV) 

A0 
CO 

2200-3650 
3400 

3.2 X lo6 

8600 
1.0 x 106 

0 . 0041 
0.00009 
0.0005 
0 . 0013 
9.0 

0.10 
0.07 

&Measurements made by ORNL. 
bBased on measurements made by the Carbon Products Division and 

?Measurements made by the Carbon Products Division. 
dRepresentative data from the Carbon Products Division. 
e 

fData from the Carbon Products Division. 

ORNL. 

I 

Based on measurements made by the Carbon Products Division on 
pilot-production MSRE graphite. 
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Table 2. Chemical Composition of Grade CGB Graphite 

Analysis 
Specified Maximum ( w t  $1 

( w t  8 )  
O m a  CPDb 

Ash 0.07 0 . 0005 0 . 0041 
Boron 0.0001 0.00008 0 . 000089 

Vanadium 0.01 0.0009 0 . 0005 

sulw 0.001 < 0.0005 0 . 0013 

a 

%ach value i s  an average of values obtained on cmposite samples 

Analyses made by ORNL on a composite sample from three randomly 
selected bars. 

from 4 bars of each of the 13 lots.  

Bulk Density 

A minimum bulk density of 1.87 g/cm3 was specified for the MSFE 
graphite because the laboratory materials that  were examined and found 
t o  have low salt permeation had about t h i s  density. 
grade CGB graphite ranges from 1.82 t o  1.89 g/cm3 and averages 1.86 g/cm3. 
Calculations indicate that an average bulk density of 1.84 g/cm3 i s  ac- 
ceptable for  the MSFE i f  the graphite meets the sa l t  permeation require- 
m e n t ~ . ~  The grade CGB graphite meets these conditions. 

The bulk density of 

Porosity 

The graphite has a t o t a l  void volume or porosity of ~18.0$, about 
77$ of which is  inaccessible or closed. 
space should be -4.Oq& of the bulk volume of the graphite. 
trance diameters t o  the accessible voids range approximately between the 
two extremes shown i n  Fig. 1 for grades CGB and CGB-X (an experimental 
grade). 
entrances l e s s  than 0.4 p i n  diameter. 
wet the graphite, and it has been calculated that  a differential  pressure 
of >300 psia would be required t o  force s a l t  into these voids. 
supported i n  the impregnation tests,  which are discussed la ter .  

Therefore, the accessible void 
The pore en- 

This means that  the major portion of the accessible voids have 
The molten fluoride sa l t s  do not 

This i s  

Microstructure 

The attainment of the high density and low accessible voids with 
small pore entrance diameters i s  reflected i n  the microstructure of the 
g r a ~ h i t e , ~  as  shown i n  Fig. 2. Note that almost a l l  the original voids 
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Fig. 1. Pore Sizes of Accessible Voids in Graphite. 

Fig. 2. Some Microstructural Details of MSH3 Graphite, Grade CGB. 
(a) The major constituent, graphitized coke particles (graphite parti- 
cles); and (b and c) types of structures developed through impregnations 
and heat treatments. As-polished. 50W. 
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c 
A 

Fig. 3. Variations of the General Microstructure of the MSRE Graph- 
i te ,  Grade CGB. As-polished. 1OOX. 

i n  the base stock have been impregnated, and these impregnants f i l l  or 
almost f i l l  each void although they have been subjected t o  2800°C heat 
treatments. 
i l lustrated i n  Fig. 3 .  In  general, a l l  the black areas are voids f i l l ed  
with graphitized impregnant s. 

There i s  some structure variation i n  the graphite which i s  

racks 

The high density and small pore structure are desirable character- 
However, this par- i s t i c s  for  unclad graphite i n  molten-salt reactors. 

t icular structure was apparently so dense, or tight, that  hydrocarbons 
produced through the pyrolysis of the impregnants could not escape rapidly 
enough through the natural pores of the graphite during the fabrication 
processes. 
gases forced the i r  way out. The appearance and results of these cracks 
on the more severely cracked bars are shown i n  Fig. 4. 

thick, l/€! t o  1/4 in. wide, and less  than 3 in. long as determined by 
visual,  microscopic, and radiographic techniques. 

Consequently, the matrix of the graphite was cracked as these 

The majority of the cracks were 0.001 in. (25 p )  t o  0.002 in. (50 p) 

9 

c 
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Fig. 4. Appearance of S p a l l s  and Cracks i n  Samples of Severely 
Cracked Grade CGB Graphite i n  (a) Spindle End of a Machined Bar and (b) 
Midplane of an &-Received Bar. 
clearly visible as ragged white lines. 

Cracks are indicated by arrows or are 
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Most of the graphite had been manufactured when the cracking, which 
Additional process occurred i n  the f inal  processing step, was discovered. 

development, production, and machining of replacement material would have 
delayed the reactor a t  least  1 year. 

With the exception of the cracks, the material met the specification. 
Studies were made on defects i n  representative bars. 
not be good enough for  the core of a high-performance breeder, but our 
analyses showed that  sizable flaws should not adversely affect the opera- 
tion of the MSRE.', The specifications were revised t o  define the flaws 
that could be accepted. In  addition t o  the integrity t e s t s  i n  the orig- 
inal  specification and additional modified macroscopic examinations, the 
vendor agreed t o  make a lo@ radiographic examination of a l l  the bars. 
Each bar used i n  the MSRE passed l imits set  for the results of t w o  radio- 
graphs made perpendicular to, and along the full length of, t w o  adjoining 
la te ra l  surfaces of each bare6 

The graphite would 

Thermal Cycling of Salt-Impregnated Graphite 

Mechanical t e s t s  indicated that the cracks resisted propagation. 7* 
However, since it i s  probable that some of the cracks i n  graphite w i l l  
be f i l l ed  with sal t ,  t e s t s  were made t o  determine i f  repeated melting 
and freezing of the salt would propagate the cracks. 

One Hundred Cycles 

Laboratory thermal cycling tes t s  were made on specimens of grade CGB 
graphite with salt-impregnated cracks t o  determine whether damage would 
occur under conditions simulating the draining, cooling, and reheating 
of the MSRE core. 

The specimens were 2-in.-long transverse sections cut from a machined 
CGB graphite bar i n  a zone having a relatively high concentration of 
cracks. 

Specimens were impregnated with sa l t  a t  700°C (1300OF) during 100-hr 
exposures a t  50 or 150 psig. 
i s  approximately the maximum pressure expected i n  the reactor. The higher 
pressure was selected t o  ensure that  the cracks would be deeply penetrated 
by the salt. 
s a l t  was O.O@ a t  50 psig and 0.14$1 a t  150 psig. 
appeared t o  be limited t o  the fissures, as shown i n  Fig The specimens 
were subjected t o  100 thermal cycles i n  which the temperature was  in- 
creased from 200°C t o  7OO0C i n  the first 9 min of each cycle; t h i s  i s  more 
than 100 times faster than the maximum electr ical  heating rate of the 
core. 
pearance of the graphite or i n  the lengths of the cracks (Fig. 5). 

m e  lower pressure was selected because it 

The average bulk volw~e ,of the specimens permeated by the 
The sa l t  impregnation 

5. 

After t h i s  treatment there were no detectable changes i n  the ap- 
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Fig. 5. GCB Graphite Specimens Impregnated with Molten Salt  at  50 
psig. (a,b,c) &-radiographed and (a) after 100 thermal cycles. 
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High-Temperature Cycle 

For more severe, high-temperature tests of th i s  kind, two additional 
specimens were impregnated i n  the standard way; that  is, they were evacu- 
ated, and then were exposed f o r  100 hr  t o  molten salt a t  150 psig a t  700°C 
(1300°F) . Radiography, as for the previously reported work, indicated 
that the saLt was primarily confined t o  the cracks i n  the graphite speci- 
mens. 
O.ll$ of the other. 

It w a s  equivalent t o  0.09$ of the bulk volume of one specimen and 

Each impregnated specimen was subjected t o  a single high-temperature 
cycle from 200 t o  1000°C. 
marized i n  Table 3. 

The rate of temperature r i se  for  each i s  sum- 

There were no detectable changes i n  the graphite specimens or their  
cracks as a r e su l t  of these thermal cycles. 
temperature, 73OoC (1350"F), expected i n  the MSKE. 

30°C/hr (54'F/hr). 
t h e m 1  cycles was >250 times faster  i n  reaching 700°C (1300°F) than the 
maximum preheating rate. 

These exceeded the maximum 

The maximum electrical  heating rateg of the core i s  expected t o  be 
On th i s  basis the slowest of the high-temperature 

The results of the preceding t e s t s  indicate that the thermal cycling 
of the MSRE probably w o u l d  not cause the salt t o  expand and break up the 
graphite . - 

Table 3. Rates of Temperature Rise for the Thermal Cycles of Two 
Salt-Impregnated Segments from a Machined MSRE Graphite Bar 

Time t o  Indicated Cycle Temperaturea 

Specimen 198-4 Specimen 198-5 

Temperature (mid 
["C (OF)] 

0 0 -200 ( ~ 3 9 0 ) ~  
700 (1300) 3.7 3.4 

1000 (1830) 36.0 23.0 

%e differences i n  heating rates are due t o  different quantities 

bStarting temperature of cycle. 

of argon cover gas used i n  each tes t .  
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Impregnation Tests 

Mercury 
r 

It was established that mercury impregnation into graphite a t  room 
temperature could be correlated with molten-salt permeation into graph- 
ite.l0 Therefore, a mercury-impregnation t e s t  of graphite specimens a t  
room temperature was specified t o  provide a convenient quality control 
for  the manufacturer. It was specified that 0.125 X 1.500 X 1.500 in. 
evacuated specimens should not gain more than 3.5 w t  $ when submerged for  
20 hr i n  mercury a t  470 psig. The vendor was required t o  apply this test 
t o  a sample taken 1 in. from the end of every bar. 
gain was lo@. 
specimens. 

The average weight 
Most of this was due t o  mercury pickup i n  cracks i n  the 

The maximum permitted by the specification was 3.5%. 

Salt - 
The molten sa l t s  are used a t  ORM, t o  screen various grades of graph- 

i te .  An average of less  than 0.q of the bulk volumes of specimens (0.500 
in. i n  diameter X 1.500 in. long) from grade CGB graphite w e r e  f i l l ed  when 
evacuated and then exposed f o r  100 hr t o  LiF-EkF2-ThF4-UF4 (67-18.5-14-0.5 
mole $) salt a t  700°C (1300OF) under 150 psig pressure, the standard 
screening test .  The design l imit  f o r  the MSRE i s  0.5% of the bulk volume 
of the graphite. The maximum pressure expected i n  the MSRE i s  50 psig, 
which i s  one-third that of the standard screening pressure. 
volume of the small specimens impregnated with salt ranged from 0.01to 
0.46$. 
l ess  salt pickup. 
gree of salt impregnation. 

The bulk 

It should be emphasized that a full-scale bar would have even 
The s m a l l  screening specimens tend t o  magnif'y the de- 

The MSRE designers did not want the molten salt t o  penetrate into 
the matrix of the graphite. 
tern of the impregnating salt i s  i l lustrated i n  Fig. 6, which shows re- 
productions of radiographs of thin sections cut from an unimpregnated 
specimen and three salt-impregnated specimens. As was the case for  the 
large thermal cycling specimens, the salt i s  limited t o  small penetrations 
a t  the surface and along cracks where the cracks intersect the exterior 
surfaces. Note that  the salt i s  confined t o  the limits of the crack and 
does not permeate the matrix. 

This was essentially accomplished. The pat- 

Mechanical Properties 

The tensile and flexural strength measurements on grade CGB graphite 

There w e r e  no values less  than the minimums of 1500 and 
averaged 1860 and 4340 psi, respectively, despite the presence of cracks 
i n  the graphite. 
3000 psi  specified for  the tensile and flexural strengths respectively. 
These strength values were specified primarily t o  assure a good quality 
of graphite. 
i n  comparison. 
irradiation. l1 

The stresses expected i n  the reactor are relatively modest 
The stresses are all less than 100 psi  i n  the absence of 
Under fast-neutron irradiation a t  MSRE temperatures, the 
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Fig. 6. Typical Salt Distribution in Grade CGB Graphite Cylinders 
as Shown by Radiographs of Their Thin Sections. (a) Control (no salt 
present) and (b,c,d) salt-impregnated specimens; white phase is salt. 
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Fig. 7. Tensile Specimens of Grade CGB Graphite. (a) As-machined. 
(b) Typical stair-step fracture. (c) Normal fracture. 

0 0.05 0.40 0.45 0.20 0.25 0.30 
STRAIN (%I 

Fig. 8. Tensile Properties of Grade CGB Graphite Parallel  with Grain 
(Axis of Extrusion) Bar 45, 2 X 2 in. 
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flux gradient across the bars w i l l  create a difference i n  shrinkage and 
w i l l  cause most of them t o  bow away from the center of the core. The 
stress i n  tension on a complete1 restrained beam w i l l  increase a t  a rate 
of 950 psi  per full-power year. 19 

To say that  the mechanical properties of the graphite meet the ex- 
pected requirements of the MSRE does not adequately describe the graphite 
for use i n  the ZEXE or rUture molten-salt reactors. The tensile strength 
of the material was examined i n  zones with and without cracks with a 
specimen as shown i n  Fig. 7a. 
crack i s  shown i n  Fig. 7b, and a normal fracture i n  the absence of cracks 
i s  shown i n  Fig. 7c. 
Mechanical Properties Laboratory of the Metals and Ceramics Division are 
shown i n  Fig. 8 with the overall range of tensile strength values just  
discussed for the batch of MSRE graphite superimposed with double cross- 
hatching. 
effects of cracks, the black points, that  had a minimum strength of 1510 
psi  and an average strength of 2940 psi. Specimens that were not appre- 
ciably affected by cracks, the open circles, yielded an average strength 
of 54.40 psi  and a modulus of e las t ic i ty  of 3.2 X lo6 psi. 
usually strong graphite. 

A typical fracture i n  the presence of a 

The ultimate tensile strength values obtained by the 

This corresponds t o  the specimens that demonstrated definite 

This i s  an un- 

Stability Under Irradiation 

The effects of irradiation on grade CGB graphite have been studied 
by K&nnedyl3 with grade EGCR-AGOT (grade A m ) ,  a needle coke gra hite, 
a t  350 t o  475OC under exposures between 0.60 X lo2' t o  1.40 X lo2' nvt 
(E > 2.9 Mev). 
ini t ia ted at lower dosage i n  the direction perpendicular t o  the grain 
than i n  the parallel  direction, but the increase rates for  both are al- 
most identical. These contractions are shown graphically i n  Figs. 9 and 
10. In  the same studies the effect  on the average modulus of e las t ic i ty  
was reported as  changing from 3.25 X lo6 psi t o  8.42 X lo6 psi i n  the par- 
a l l e l  direction and from 1.06 X lo6 psi  t o  3.78 X lo6 psi i n  the perpen- 
dicular direction. 

He reports that contraction of the grade CGB graphite i s  

Calculations using greater contraction values than 
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ORNL-DWG 64-9677 
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Fig. 9. Effect of Irradiation on Graphite Dimensional Changes Par- 
a l l e l  t o  the Extrusion Axis, 
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Fig. 10. Effect of Irradiation on Graphite Dimensional Changes 
Normal t o  the Extrusion Axis. 

these indicate that these should not adversely affect the operation of 
the MSRE.14#15 The actual contraction rates should be even smaller a t  
the operating temperature of the MSRE, because a t  these higher tempera- 
tures nuclear grades of graphite are approaching a minimum contraction 
rate." 
t ional safety factors for conditions that  appear satisfactory without 
them. 

This, plus the creep of the grade CGB graphite,lr provide addi- 

Lattice and Ring Bars 

The preceding information has been for the MSRE core bars that  are 
These core bars are supported on a l a t t i ce  of vertical i n  the reactor. 

horizontal bars and held together a t  the top by a graphite retainer ring 
(sections of graphite pieces joined with INOR-8 pins). 
ricated for the l a t t i ce  bars and ring sections was fabricated w i t h  a 
higher permeability t o  help eliminate cracks and t o  secure more structural 
integrity for  these pieces. Radiographic examination of t h i s  material 
was the only technique that  showed any flaws.18 There were a few iso- 
lated, small cracks. 
bars. Limited sampling indicates that  the properties of this material 
are similar t o  the core material except that  it takes up an average of 
4.67 w t  $ i n  the mercury tes t ,  about 2.6 times that of the core bars. 
However, this i s  equivalent t o  a molten-salt takeup i n  the graphite of 
only 0.6$ of the bulk volume of the graphite. 
MSRE because the l a t t i ce  bars and retainer ring are a small fraction of 
the t o t a l  graphite and are i n  low-neutron-flux zones that  are not subject 
t o  the more severe operating conditions of the MSRE. 

The graphite fab- 

These closely approach being structurally flaw-free 

This i s  tolerable for  the 

Developmental studies on MSHE-type graphite are being continued by 
the Carbon Products Division. 
produced core-quality graphite without flaws without resorting t o  t h i s  
minor sacrifice t o  permeation. 

They report that  i n  recent work they have 
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Conclusions 

A t  t h i s  time a l l  the graphite for the MSRE appears t o  meet all the 
requirements. The grade CGB graphite appears t o  be a substantial step 
forward i n  the development of a high-density, law-permeability nuclear 
graphite, but further improvement i s  needed t o  obtain a material for  
structural units i n  molten-salt power reactors. 
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