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INTRODUCTION

This semiannual report is a collection of papers that were presented
at a general information meeting on the Molten-Salt Reactor Experiment at
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 is intended to bring the reader up to date on"the status
of the general technology of molten-salt thermal-breeder reactors.

Previous progress reports of the Molten-Salt Reactor Program are

listed below?

ORWL-2474 Period Ending January 31, 1958
ORNL-2626 Period Ending October 31, 1958
ORNL-2684 Period Ending January 31, 1959
.ORNL-2723 Period Ending April 30, 1959
ORNL-2799 Period Ending July 31, 1959
ORNL-2890 Period Ending October 31, 1959
ORNL-2973 Periods Ending January 31 and April 30, 1960
ORNL-3014 Period Ending July 31, 1960
ORNL-3122 Period Ending February 28, 1961
ORNL-3215 Period Ending August 31, 1961
ORNL-3282 Period Ending February 28, 1962
ORNL-3369 Period Ending August 31, 1962
ORNL-3419 Period Ending January 31, 1963
ORNL-3529 Period Ending July 31, 1963
ORNL-~-3626 Period Ending January 31, 1964

THE FLACE OF W THE AEC PROGRAM _

ot
S

E. E, Sinclair

This meeting was organized so that 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. As you know,
the MSRE is just about ready for prenuclear operation, and the timing for
this meeting was selected with that fact in mind.

44?/.‘
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As a representative of the Atomic Energy Commission, which is sup-
porting the development of molten-salt reactor technology, I have agreed
to describe "the place of molten-salt reactors in the AEC program.” As
a matter of fact, this is very easily done by reference to the 1962 AEC
Report to the President, which delineates the objectives of this Nation's
reactor development programs., In discussing the program for the long-
range future (i.e., the development of breeders which will fully utilize
nuclear resources), the Report states in part: "Although breeding in the
thorium~uranium 233 cycle can build upon experience gained with less ad-
vanced reactors ... vigorous and specific efforts will be required to at-
tain breeding on a significant scale. Both fuel and blanket systems must
be pushed, Attention should be directed at methods of continuous removal
of fission products, including the use of fluid fuels (such as fused ura-
pium salts) and blanket materials. Experimental reactors designed to
breed must be built and operated. Hopefully, within the next several

years, the program will achieve the stage where operating prototypes will e

be appropriate.”

From this statement and the AEC support of the molten-salt program
here at ORNL, it is evident that the AEC looks to molten-salt reactor

technology for the near-term accomplishment of breeding on a significant I

scale in the Th-?33U cycle. There is, of course, no obvious reason why
molten-salt technology could not be developed for fast breeding in the

uranium-plutonium cycle, and perhaps this will someday be done. The salt;x

system that has been developed here, however, quite naturally lends itself

to thermal breeding in the Th-233y cycle; and it is the objective of this:

program to develop and demonstrate & reactor system which will exploit
this capability.

Although the forthcoming operation of the MSRE will not achieve this
objective alone, it is an exceedingly important and necessary step toward
the goal. The MSRE, being a small single-region machine, is not designed
to breed, but it does tie 81l the pertinent technology dewveloped thus far
together into a relatively simple operating system. Its operation is ex-
prected to supply the information and confidence needed to 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 to permit scale-up to commercial sizes,

It would be wishful thinking to suppose that there will be no "bugs"
in the MSRE as designed and built. The history of reactor development
suggests that there will be bugs or minor difficulties unforeseen in de-
sign or caused by errors in construction. These are unwanted but are more
or less expected. It is also possible that operation of the MSRE will
~uncover some truly unexpected major problems. I personally do not expect
any, because the technology base that has been worked out for the MSRE
is very broad and thorough. In my view the MSRE is much better off in
this respect than has been the case for some past reactor experiments.

-)
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Todey and tomorrow, this technological base which has been developed
for the MSRE will be explained in detail., I hope you are ag favorably
impressed as I am, by the broad coverage, yet thoroughness, of the devel-
opments that have been conducted here at ORNL. I venture to predict that
there will be another information meeting here in the not too distant
future to introduce the operation of a molten-salt breeder prototype. I
hope to see you all here at that time,

MOLTEN-SALT POWER REACTORS AND THE ROLE OF THE NE&EL
IN THEIR DEVELOPMENT

R. B. Briggs

Realization of a system that makes full use of the potential energy
in thorium to produce cheap electricity is the primary mission of reactor
development at the Oak Ridge National Laboratory. That system must be
an efficient breeder system. An advenced converter may be a worthwhile
step in the development; but an advanced converter does not reach the
goal, No matter how good the conversion ratio, if it is significantly
less than 1, the amount of uranium that must be mined to make up the def-
icit in fissionable material is greater than the amount of thorium that
must be mined to compensate for the thorium converted to 233U and burned.
For example, if the conversion ratio is 0.90, the 235y from 20 tons of
natural uranium will be burned with each ton of thorium consumed. Even
with a conversion ratio of 0.99, the 23°U from 2 tons of uranium must be
supplied with each ton of thorium,

One feature of the Th-?23U fuel system is that breeding should be
possible with thermal and intermediate reactors as well as with fast re-
actors. Many technical and economic factors combine to favor the thermal
breeders; so we have chosen to emphasize them in our program, Our studies
lead us to 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 estimatel of the breeding performance of a two-fluid, graphite-~
moderated thermal breeder is shown in Teble 1. The neutron yields and
losses are known with less accuracy than the numbers imply, but the table
was prepared to show some of the smaller losses and to balance.

We see that the uranium and thorium concentratlons and the ratio of
uranium to carbon atoms can be adjusted to obtain a good balance between
the neutron yield and the parasitic absorptions in moderator and in car-
rier salts. This leaves a net of about 12 neutrons per 100 neutrons ab-
sorbed in fuel for production of excess 233U, The losses to 233Pa can




Table 1. Performance Estimate for Molten-Salt Breeder Reactor

Fuel salt composition, mole %
Blanket salt composition, mole %
Moderator-fuel ratio, N(C)/N(U)

Volume fraction of fuel salt in core
Volume fraction of fertile salt in core

Thorium inventory, metric tons for
1000 Mw (electrical)

Fertile stream cycle time, days
Fuel streem cycle time, days

Total 223y, 235y, and 223Pa inventory,

kg
Net neutron yield, ne
Neutron losses:
233y gbsorptions
233y ghsorptions
232 fission
233pg absorptions (x2)
236y absorptiohs
2374p absorptions
135%e sbsorptions
Sm absorptions

Other fission product sbsorptions

Corrosion product absorptions

Moderator absorptions

PFuel carrier absorptions

Thorium carrler absorptions

Loss of delayed neutrons

Leakage

Chemiceal processing losses
Net breeding gain

Net fuel yield, % per full power year

0.071

35
a3
880

2,237

0,9172
0.0828
0.0019
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

0.070

35
23
860

2.2131

.0,9150

0.0850
0.0019
0.0117
0.0115
0,0010
0.0050
0,000L
0.0267
0.0008
0.0286
0.0302
0,0199
0.0043
0,0016
0,0022
0.0676
8.0

0. 4UF4;~63L1F~36,6BeF,

15ThF 4~67L1F=18B=F,
5100
0.16
0.069  0.068  0.068
270
35 50 100
31 55 55
860 900 1020
2.2128  2.2120 2.2115
0.9139 0.9111 0,9095
0,0861 0.0889  0.0905
0.0018 0.0018 0.0018
0.0116 0.0113 0,0112
0.0119 0.0132 0,010
0,0010 0.0008 0,0008
0.0050 0,0050 0.0050
0.0001 0.0002 0.0003
0.0317 0.0422 0,0442
0,0008 0.0008 0.0008
0.0286 0.0287 0,0287
0.0302 0,0302 0,0291
0,0198 0.0196 0.0195
0,0043 0.0043 0.0043
0.0016 0.0016 0.0016
0.0022 0.0022 0.0022
0.0622 0.0501 0.0480
7.3 5.6 5.0

0.066

200
7
1220

2.2103

0.9053
0.0947
0.0018
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

0.065

200
84
1220

2.2097

0.9034
0.0966
0.0018
0,0106
0.0176
0.0011
0,0050
0.0005
0.0631
0.0008
0.0287
0.0301
0,0190
0,0043
0.0016
0.0022
0,0232

1.9

0.066
140

50
50
880

2.2095

0.9021
0.0979
0.0018
0.0214
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. ILosses to fission
products must be kept low, and this can be done by processing the fissile
and fertile streams on short cycles — cycles that would be prohibitively
expensive if they involved storage, shipment, dissolution, extraction,

and refabrication of solid fuel elements, but that should be acceptably
cheap if they involved only simple on-site physical and chemical separa-
tions from liquid fuels and blankets.

We can readily obtain a breeding gain and fuel yield of 5%, a spe-
cific power of 1 Mw (electrical) per kilogram of fissile material and
4 Mw (electrical) per metric ton of thorium. In the studies from which
the data in Table 1 were taken, we assumed that 233pa could not be sepa-
rated easily from the fertile stream; thus we were limited to rapid re-
moval of 233y by the fluoride volatility process., Our chemists have evi-
dence that 233Pa in very low concentration can be separated from the
fertile stream on solid adsorbents. With developments such as this and
use of the shorter fuel cycles, we should be able to push the breeding
gain to 8%, the yield to 10%, and the specific powers to about 2 Mw (elec-
trical) per kilogram of fissile material and 10 Mw (electrical) per metric
ton of thorium. Any type of breeder reactor with performence character-
istics equal to the more conservative ones listed above would be an ac-
complishment of major importance. One with the more advanced character-
istics would be an outstanding achievement.

Our belief that molten-salt reactors can produce cheap electricity
is founded, in part, on favorable estimates of costs for conceptual de-
signs — fuel costs? of 0.5 to 1.5 mills/kwhr and capital costs>: % of $125
to $l45/kwhr. These estimates were made several years ago and were equal
to, or less than, those for competitive systems. We have observed no
later development, technicel or economic, that should adversely affect
the outlook for molten-salt reactors.

The costs for a large molten-salt reactor really cannot be estimated
accurately enough to be the primary basis for developing a new reactor
system. To develop a power reactor technology is a long and expensive
business, A new type of reactor merits consideration for such development
only if it has basic characteristics which give it considerable long-term
promise. Early large-scale versions must produce competitiwve power, but
there must be potential for bettering the competitive position through
improvements which lead to larger unit power output, higher thermal effi-
ciency, and better utilization of fuel. Molten-salt reactors have these
important basic characteristics. '

Low capital costs are promoted by the followlng characteristics.
Fuel and blanket salts have vapor pressures below 1 atm up to 2600°F, and
they have good heat-transfer and fluid-flow properties.  Thus, molten-salt
reactors are low-pressure, high-temperature heat sources, and units can
be designed to supply steam to one or more of the largest modern turbine-
generator sets. The salts do not undergo violent :chemical reactions with
air or with a variety of coolants. Volatile fission products can be
purged continuously. These characteristics, when combined with the low
pressure, can be used to simplify containment.
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Uranium, thorium, and plutonium fluorides are sufficiently soluble
in appropriate carrier salts for the fuel and blanket liquids to be true
solutions, The solubility increases with temperature, so the solutions
are thermally stable; they are also stable to radiation. There is no
need to resort to slurries or to provide equipment for recombining decom-
position products.

The fuel solutions generally have a high negative temperature co-
efficlent of reactivity. Xenon-135 can be removed continuously. Fuel
can be added while the reactor is at full power by means of relatively
simple equipment. Only a small smount of excess reactivity must be con-
trolled. These attributes should lead to simplified nuclear control and
safety systems.

Several characteristics promote low fuel costs. The good radiation
stability permits long burnup where desirable. On the other hand, there
are no fuel elements to fabricate, the reactors can be designed for good
neutron economy, and the fluids can be handled conveniently; so we have
the opportunity to remove bred material and fission products on short
cycles and to obtain good breeding ratios at low cost. For example, the
fluoride volatility process can be used to remove 33y from the fluoride
salt of a thorium breeder blanket without otherwise changing the liquid. -

Low operating costs are obtained by building large units that operate
contimiously. Materials are available to contain the salts at high tem-
perature with little corrosion. Well-designed equipment, carefully fab-
ricated of these materials, should require little maintenance.

Some characteristics of the salt systems tend to make the cost high.
Since the salts melt at 850 to 950°F, we must make provision for preheat-
ing the reactor equipment to 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 to
keep water from coming in contact with the salt and to isolate the reactor
from high pressure in the event of a leak., The chemjcal reaction on mix-
ing is not violent; but hydrogen fluoride is generated and it 1is corro-
sive. Also, zirconium and uranium oxides precipitate from the salts in
contact with moisture.

Lithium fluorlde is a constituent of fuel and blanket salts, and the
separated isotope 7Li must be used to obtain low parasitic absorption of
neutrons. Stainless steel and Inconel will contain the salts satisfac-
torily at 1000 and possibly 1200°F, but more expensive materials must be
used at higher temperature. INOR-8 is preferred at 1300 to 1500°F, Re-
fractory metals — molybdenum and niobium — and graphite appear to be the
best container materials for higher temperatures. The graphite must be
coated or otherwise specially processed to have low permeability to salt
end gaseous fission products.

Since the reactors involve the handling of large quantities of mobile
fission products, some special precautions must be taken in the contain-
ment, Also, the equipment in the circulating systems becomes radioactive
and must be serviced by remote maintenance methods.

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

With the preceding as an introduction, I would like to discuss
briefly some general features of a molten-salt thermal breeder reactor.
Typical compositions of fuel and blanket salts for the breeder are shown
in Table 2. They consist of uranium and thorium fluorides dissolved in
a lithium fluoride—beryllium fluoride carrier salt., We use beryllium
fluoride to obtain mixtures with low liquidus temperatures and lithium
fluoride to obtain good fluid properties. Fluorine, beryllium, and 'Li
a2ll have low neutron absorption cross sections, and the fluorides offer
advantages in processing the fuels.

Although these salts have moderating properties, additional moderator
is required to make a thermal reactor. Graphite is the preferred moder-
ator because it can be used in direct contact with the salts, thus elimi-
nating the need for a low-cross-section cladding material. The salts do
not wet graphite and will not enter the pores at pressures as high as
200 psi if the pore openings are less than about 0.4 p in diameter. An
experimental grade of graphite that satisfies this requirement was ob-
tained for the MSRE; additional development and improvement of that ma-
terial should produce one that would meet all the requirements of a large
power reactor. :

The costs of the salts should be compared with those of other reactor
materials. Typical coolants costs are a few cents per cubic foot for Hy0;
$1.20/ft3 for helium at 500 psi; $12/ft> for sodium; $92/ft> for lead;
$110/:E‘t3 for a heat-transfer salt composed of lithium, sodium, and potas-
sium fluorides; and $1400/ft> for D,0. Fuels cost about $3500/ft> for
natural uranium oxide, $45,000/ft3 for a 2.2% enriched uranium oxide for
& boiling or pressurized-water reactor, and $320,000/ft3 for a UO,~-PuOp
mixture in a large fast breeder. The costs for fuels do not include fab-
rication. Thus we see that the fuel salts are relatively cheap fuel mix-
tures, but they are expensive heat-transfer fluids and must be used effi-
ciently. .

A concept of a two-fluid breeder reactor® is shown in Fig. 1. We
generally favor this type, in which the fuel is pumped through the reactor
core and then through external heat exchangers. The core can be made com-
pact without the necessity for providing large amounts of heat-transfer
surface in 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 their
neutron cross sections, Gaseous fission products can be stripped from
the circulating fuel rapidly and continuously to hold the loss of neutrons
to 135%e to a very low level. The cost and the high radiation level of
the circulating fuel dictate that the components be closely coupled.

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 ft in
diameter by 8 ft high, completely surrounded by a 3-ft-thick blanket of




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

Core of Two-Region

Blanket of Two-Region

Cost Breeder Breeder
($/1v) -
Mole 4 Wt %  $/ft3 Moled Wt % $/ft3
Salt constituent v
UF,2 (74% 233U and 23°U) 4200 0.3 2.7 13,700
ThF, 5.50 15 64 770
LiFP 16 63 48.0 920 67 24 840
BeFy 7 36.7 49.3 410 18 12 180
15,000 1790
Density, 1b/ft3 120 220
Liquidus temperature, °F 850 930
Heat capacity, Btu £ft~3 (°F)"1 65 65
Thermal conductivity, Btu £t~1 hr~1 (°F)~1 3 3
Viscosity at 1200°F, 1b £t~ hr—1 20 15

®Fissile material values at $5450/1b.
b.

Lithium-7 (99.996%) velues at $55/1b as LiOH.
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fertile salt. A l-ft-thick graphite reflector is installed between the
blanket and the reactor vessel.

The core is an assembly of graphite prisms 7-1/2 in. square and about
8 ft long. The corners of adjacent prisms are’machined to form vertical
passages of circular cross section about 5 in: in diameter. The fuel salt
flows in bayonet tubes of impermeable graphite which are inserted into
these vertical passages. The outer tubes are 3.75 in. ID with walls 0.5
in. thick and they are brazed to a metal plenum. The inner tubes are 2.4
in. ID with walls 0,25 in, thick, They are joined to the inner plenum
by mechanical joints since some leskage of fuel can be tolerated at this
point, )

The graphite-moderator assembly is supported by graphite structural
members in the blanket., The annulus between the fuel tubes and the mod-
erator and the regions between the core and the reactor vessel are filled
with blanket fluid, which is maintained at a slightly higher pressure than
that of the fuel stream. If a leak develops, fertile material will enter
the fuel stream, and the reactivity will decrease.

Fuel salt enters the core from the inlet plenum at 1125°F, passes
down through the annulus in the bayonet tubes, rises through the inner
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Fig. 1. Molten-Salt Breeder Reactor.
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tubes, and is discharged at an average temperature of 1300°F., It is col-
lected in the outlet plenum and passes up through a duct to the impeller
chamber of the pump, then through the heat exchanger, and back to the re-
actor inlet. Changes in volume of the fuel are accommodsted in the space
in the pump tank above the impeller. The flow rate of the fuel is 40,000
gpm. This is one-third to one-half the flow rate specified for water-
cooled and sodium-cooled reactors with the same electrical output. The
maximum velocity in the graphite tubes is 25 fps, and the maximum temper-
ature is 1400°F,

The blanket salt is pumped through an external heat exchanger at a
rate of 5000 gpm, The temperatures are about the same as those for the
fuel stream.

The coolant salt (a mixture of lithium, potassium, and sodium fluo-
rides) in an intermediate circuit is pumped through the fuel and blanket
heat exchangers at a rate of 50,000 gpm (entering at 950°F and leaving
at 1100°F) and then through steam generators, superheaters, and reheaters.
The steam cycle can be varied over a considerable range to suit local con-
ditions and the preference of the user. In our studies, we have held the
steam temperature to 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 is in the range of 42 to 45%.

Reactors of this general configuration can be conceived with multiple
pumps and heat exchangers and heat outputs much greater than 1200 Mw,
Our engineers estimate that as much as 5 Mw of heat (equivalent to 2 Mw
of electricity) can be extracted from the reactor for each cubic foot of
fuel salt in the reactor core and heat-removal systems.6 Plants with high
performance like this are the goal of the thermal-breeder development and
can be built when we learn that the graphite structures and the heat ex-
changers will operate for many years without maintenance., '

Early versions of the breeder may have to sacrifice some in perform-
ance in order to make use of lower flow velocities and more conventional
equipment and to provide better access for maintenance. One such concept
of a 2400-Mw reactor is shown in Figs. 2 and 3. The graphite region is
about 12 ft square by 15 £t high. It consists of graphite bars that are
7-3/4 in. square over a 10-ft length in the center and are reduced to 5
in. in diameter over the end sections, The reduced sections are in the
end blankets. Groups of nine bars are assembled into 2-ft-square modules.
Fuel salt flows through 3-1/2-in.-diam holes in the centers of the bars,
up through one bar and down through an adjacent bar in the same module.
Pipes which are brazed to the bars are connected to concentric inlet and
outlet headers at the bottom of each module. The inlet headers are welded
or brazed into & plenum in the bottom of the reactor vessel, and the out-
let header is connected by a mechanical joint, The modules are fixed and
supported by the piping at the bottom and are guided by a grid at the top.
We show access to the bottom of the reactor from a subpile room for making
the comnections., However, the center bar of each module has no fuel chan-
nel and can be withdrawn separately from above. Our experience with re-
mote and semiremote maintenance gives us assurance that tools can be de-
vised to make and break the joints from either end.

O
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The graphite structure is contained in a reactor vessel that is sbout
20 ft in diemeter and 25 ft high. A graphite reflector is installed next
to the vessel wall, The interstices of the core and the reflector and
the space between the core and the reflector are filled with blanket salt.
The atmosphere over the blanket is helium or argon.
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Fig. 3. Core Module for Molten-Salt Breeder Reactor.
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The reactor vessel is centered in a 36-ft-diam containment vessel.
Heat exchangers, pumps for fuel and blanket salts, and heaters are in-
stalled in the annulus, with access from above for maintenance. The con-
taimment vessel is insulated and surrounded by concrete shielding.

In an arrangement such as this we can attain a performance of 2.5 Mw
of heat (1 Mw of electricity) or better per cubic foot of fuel salt.

The reactors become high-performance breeders when they are directly
connected to processing plants that can remove low concentrations of bred
materials from the blanket salt and fission products from the fuel salt
at moderate cost. In fact, our early enthusiasm for the molten-salt re-
actor as a breeder was based largely on the development of the fluoride
volatility process — a process that makes it economically feasible to
hold the inventory of 2337 4o a very low level in a molten-salt blanket.

A flow diagram7 of a processing scheme for a molten-salt breeder re-
actor is shown in Fig. 4. Krypton and xenon are removed in the reactor
by sparging the fuel salt with helium in the pump bowl. The off-gas is
passed. through charcoal beds, where the fission products are absorbed and
the helium is recycled to the reactor.
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Side streams of fuel and blanket salt are removed from the reactor U

for processing in a facility at the reactor site. The complete fuel and

blanket charges, respectiwvely, are processed in 10 to 60 days (3 to 15%

burnup of fissile material) and 35 to 200 days (equivalent to 300 to 1700

Mwd per metric ton of exposure) to obtain the corresponding breeding gain

shown in Table 1. The fuel salt is first treated with fluorine. The UF,

is converted to volatile UFg and swept out of the fluorinator. The UFg

is then reduced back to UF, with hydrogen in a flame reducer and returned

to the reactor, .

The uranium-free salt, containing fission products, is dissolwved in
90% hydrofluoric acid. Rare earths and zirconium salts are insoluble and
are separated by filtration. The solution containing lithium and beryl-
lium fluorides and scme soluble fission products (principally Cs, Rb, Sr, s
Ba, Te, Se, Nb, Cd, Ag, and Te) is evaporated to dryness. Part of the
salt is discarded to rid the system of the soluble fission products, and
the rest is melted, combined with the recovered uranium, and returned to s
the reactor.

The blanket salt is fluorinated to remove the bred uranium as the
hexafluoride, sparged with helium to remove traces of fluorine, and re-
cycled directly to the blanket. Since such a small fraction of fissions
occurs in the blanket, the fission-product-removel step is unnecessary.
The fission product poison level is controlled by replacing the blanket
salt on a 20-year cycle. Protactinium is not removed from the fertile
stream in this process; its concentration rises until the decay rate
equals its production rate. Loss of neutrons to protactinium is con-
trolled by adjusting the volume of the fertile salt.

The UFg from the fertile stream fluorinator is reduced to UF, with
hydrogen and blended with the fuel stream for recycle to the reactor.
Excess production is sold.

Because the methods outlined above involve only minor chemical ma- R
nipulations to the bulk of the salts, we believe that they will permit
us to achieve high conversion ratios and low fuel costs in plants of 1000-
Mw (electrical) capacity and possibly in smaller plants. However, these -
methods may well be superseded by even better ones. We mentioned earlier
that the 233ps Pprecursor of 233U can be adsorbed from the blanket salt
and the effect of this on the reactor performasnce., Within the past month, .
M. J. Kelly, one of our chemists, has shown that the carrier salts can
be separated from rare-earth fission products by vecuum distillation.
This promises to be a substantisl improvement over the HF dissolution
method and has other important implications regarding methods of operating
and controlling the reactors.

Except for the fluoride volatility process, we have been discussing
reactor and processing concepts. Concepts have real value when enough
basic technology is developed for us to convert them into authentic engi-
neering designs. ~
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Molten-salt reactors are not entirely new, Much of their technology
was developed here at ORNL in 1951 to 1958 in the Aircraft Nuclear Pro-
pulsion Program. A proof-of-principle experiment with molten-salt fuel —
the Aircraft Reactor Experiment — was built and, in 1954, operated suc-
cessfully for several hundred hours at 1200 to 1500°F, with periods of
nuclear operation at power levels as high as 2.5 Mw, But a large power
breeder reactor differs in many ways from an aircraft power plant. The
fuels and some materials must be different to obtain good breeding ratios.
The power levels must be considerably higher; methods must be available
for processing fuel and blanket salts efficiently; and costs are important.
On the other hand, the weight and size are not restricted. A reactor for
producing power for a modern turbogenerator can operate at considerably
lower temperature than a power plant for a supersonic ailrcraft. Extreme
compactness is a virtue but not a necessity.

Research and development for civilian power reactors was undertaken
in 1957. By 1960 enough favorable experimental results were obtained to
indicate that a molten-salt thermal breeder should be feasible, but that
experience with an operating reactor was essential to prove the feasi-
bility. At about this same time the importance of breeding to the long-
range utilization of nuclear fuels, and particularly to the utilization
of thorium, was gaining increased attention. Interest in the breeding
potential of the molten-salt reactors, their capacity to use the heat
efficiently to produce electricity, and in the characteristics that should
permit this to be achieved at low cost led the Atomic Energy Commission
to authorize design and construction of the Molten-Salt Reactor Experiment
(MSRE) in the summer of 1960.

The MSRE is needed to investigate some essentials of chemistry, ma-
terials, engineering, and operation of the molten-salt reactor concepts.
The major physics questions are related to uncertainties in the breeding
ratios. They can finally be resolved only by a material balance over a
large plant,

The central problem of the thermal breeder reactor is to prove the
suitability of graphite for the core structure. The graphite must have
low permeability to salt and fission products; it must have long life
under reactor conditions; and it must be obtainable in large size. In
1960 this kind of graphite was a laboratory curiosity. Procurement of
material for the MSRE was & step in development of graphite for large re-
actors. Operation of the MSRE will provide us with essential data about
the long-term compatibility of graphite with salts -and structural material
in the reactor enviromment.

‘We know a great deal asbout the chemistry of molten salts in the ab-
sence of radiation and have some knowledge of radiation effects. But the
complex environment of a power reactor cannot be duplicated in a simple
capsule or in-pile loop. Operation of fuel and blanket salts in a reactor
is essential to the inwvestigation and demonstration of their compatibility
with graphite and structural materials under radiation. The predicted
behavior of fission products must be ¢onfirmed, and their distribution
in the reactor systems must be established.
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INOR-8 (Hastelloy N or Inco 806), a new nickel alloy containing 17%
molybdenum, 7% chromium, and 4% iron, was developed specifically to have
good strength and to contain reactor fuel and blanket salts with little
corrosion at high temperature. This is a preferred material for molten-
salt power reactors. Experience is needed with the construction of re-
actor components and piping and with the behavior of commercial materials
during long exposure in a reactor plant.

The practicality of molten-salt reactors depends on our ability to
maintain the radioactive equipment by remote or semiremote methods. We
have had considersble experience with maintenance of radioactive equipment
in aqueous homogeneous reactors, but the problems encountered depend very
much on the types of fuels and materials used in the reactors and on their
interactions, We need some experience with radioactive molten-salt sys-
tems to establish criteria for the design of large reactors.

The salts in the reactor equipment and piping must be kept molten
at all times. This should be easy in all but the steam generators after
some fission products have accumulated in the salts. However, heaters
will be needed for preheating the systems and for maintaining the high
temperatures in the absence of fission product heat. We require experi-
ence with the design, operation, and maintenance of heating equipment for
radioactive systems.

Finally, we need general operational experience with a molten-salt
reactor in order to establish the criteria for the design of a practical
power plant. We cannot predict the detailed behavior of the plant and
equipment or the day-to-day problems that can arise with its operation
and with the containment of radiocactivity or the numerous smsll improve-
ments that, in total, can greatly simplify the operation and increase the
confidence in a new device,

We have designed, developed, and are now preparing to operate the
MSRE to test much of the technology of the thermal breeder reactor. A
flow diagram for the reactor systems is shown in Fig. 5. The reactor
produces 10 Mw of heat while operating at 1200°F, The base pressure in
the system is 5 psig at & free surface in the pump bowl. Fuel salt is
pumped at a rate of 1250 gpm through the shell of the heat exchanger and
through the reactor vessel. The average increase in temperature as the
fuel passes through the core is 50°F at 10 Mw,

A coolant salt in an intermediate circuit circulates through the
tubes of the heat exchanger to remove heat from the fuel. The heat is
dissipated to the atmosphere in an air-cooled radiator. Power recovery
is not an objective of this experiment, so we hawve included no power-gen-
eration equipment.

Drain tanks are provided for storing fuel and coolant salts when the
reactor is not operating. Drainage of the fuel to the storage tank is-
the primsry shutdown mechanism.
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Fig. 5. MSRE Flow Disgram,

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

A1l equipment that contains salt is made of INOR-8., The graphite
is a new material that satisfies many of the requirements for graphite
for the breeder. -All vessels and pipes that contain salts are heated.
Considerable design and development effort was spent in making essential
equipment replaceable, .

An elevation of part of the MSRE building is shown in Fig. 7. The
reactor vessel, pump, and heat exchanger are installed in one cell, The
drain tanks are in an adjoining cell,  These cells constitute the sec-
ondary containment and will be sealed when fuel is in the reactor. The
coolant system is in a shielded area. Ventilation and access to the area
are controlled, but no other secondary containment is necessary.
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The MSRE is primarily an experiment in reactor technology. We re-
alize the importance of the fuel and blanket processing to achievement
of the final goal but have chosen to prove the feasibility of the reactor
systems before proceeding with development of some of the processing con-
cepts. However, it proved to be advisable to install equipment at the
reactor site for fluorinating and hydrofluorinating the fuel. This equip-
ment is being installed in a cell adjacent to the drain tank. We believe
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that its use will help considerably to demonstrate the advantages of on-
- site processing for liquid fuels.

The MSRE was fitted into an existing building; the reactor was in-
stelled in an existing contaimment vessel that was modified to provide a
flat top., The drain tank cell and some other areas are new, but most of
the facility was modified only slightly for the MSRE. This resulted in
some compromises in the design and an installation so compact as to give
some the impression of complexity. The power level was held to 10 Mw as
a sensible maximum for an experiment; but criticality considerations dic-
tated the size of the reactor vessel, and the size of the reactor vessel
o dictated the flow rate of the fuel. Except for the amount of heat-trans-
Q fer surface in the heat exchanger and radiator, this small installation
" is more nearly representative of a 40- to 60-Mw reactor.

<
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Suppose that good operation of the MSRE and detailed engineering
studies of large plents 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 in progressing to large
power breeder plants: (1) the graphite core structure needs additional
work; (2) the fuel and blanket processing must be brought to a satisfac-
tory stage of development; and (3) large-scale equipment must be developed
and operated. Pilot-plant demonstration of elements of the core and of
the fuel and blanket processes should be done in a modification of the
MSRE or in a thermal breeder test facility. But, primarily, we want
molten-salt reactors to be useful, and they will be useful when operated
by a utility to produce power.

We believe that the MSRE can be followed by a power reactor proto-
type. Much of the large equipment can be modeled after equipment being
developed for sodium reactors. The graphite development and the process-
ing development do not have to be complete. A reactor similar in design
to the concept shown in Fig. 2, but with graphite throughout the blanket,
can be fueled with a mixture of the fuel and blanket salts, shown in Table
2, to meke a one-fluid advanced converter reactor. This reactor would
require very little in the way of processing to have very low fuel costs.
It could be used to test graphite elements as well as other major equip-
ment for the breeder. It could eventually be changed into a breeder by
installing proved graphite assemblies in the core and additional facili-
ties for processing fuel and blanket streams. Such a prototype is the
keystone of any plan for meking an early profit on the effort invested
in the development of molten-salt reactors.

Up to this point we have mentioned only the thermal breeder and a
possible precursor (the advanced converter) and the relationship of the
MSRE to them. However, there are other interesting and important possi-
bilities for molten-salt reactors. J. A. Lane has suggested that <35y
and plutonium may become very cheap in the future and that a molten-salt
reactor with its high thermal efficiency and simple fuel would be ideal
for burning this material in small reactors to generate 50 to 250 Mw
(electrical). P. R. Kasten has proposed the development of an interme-
diate breeder reactor with the molten-salt fuel cooled internally by the
molten~salt blanket. '

For many years fast reactors with molten-salt fuels have been judged
to be impractical. The inventory in externally cooled versions was always
prohibitive. Internally cooled designs had too low a specific power, or
the salt temperature was too high, or too much structural materisl was
required. E. S. Bettis has suggested molten lead as a direct-contact
coolant for molten-salt reactors. He has proposed some designs to achieve
very high specific power in large fast reactors. Preliminary experiments
have shown molten lead to be immiscible and unreactive with fluoride and
chloride salts.

None of the reactors that have received serious consideration in the
past have made use of the full high-temperature potential of the molten-
salt fuels. There is no need to go to temperatures above 1400°F in the
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reactors to provide the highest temperature steam that can be used to ad-
vantage in today's steam cycles. However, A, Fraas8 suggested that the
potassium vapor cycle being developed for space applications should one
day be a good topping cycle for the conventional steam cycle to raise the
thermal efficiency to about 55%., He proposed a molten-salt reactor op-
erating at about 1900°F as a good heat source for the combined cycle.

To propose that the MSRE will solve all the problems of all these
reactors would be to exaggerate. But most of the experience with the re-
asctor and with the handling of the fuels will apply to all. We have en-
countered problems in building the reactor and will encounter more in
starting and operating it. However, our experience with the test loops
and construction gives us full confidence that we have a good reactor.

We expect the MSRE to provide an impressive beginning for the development
of a variety of useful power reactors.
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@DESIGN AND CONSTRUCTION
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Introduction

The Molten-Salt Reactor Experiment (MSRE) is a circulating fuel,
graphite-moderated, single-region reactor designed for a heat generation
rate of 10 Mw., The fuel employs a molten mixture of lithium, beryllium,
and zirconium fluoride salts as a solvent for uranium or thorium and ura-
nium fluorides. Heat generation occurs as the fuel flows through machined
passages in the graphite core, and heat is transferred from the fuel salt
to a similar coolant selt in a shell-tube heat exchanger. Finally, the
heat is dissipated to air in an air blast radiator. Since power recovery
is not an objective of this experiment, no electric power generation
equipment is utilized.

It is intended in this section to 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 facility construction. The reader having interest in
a more detailed exposition of the MSRE design is referred to ORNL-TM-728,
Molten-Salt Reactor Experiment, Part I, Reactor Design.

Description of MSRE Equipment and Process

The simplified drawing in Fig. 1 shows the general arrangement of
major equipment items. The primary fuel system consists of the reactor
vessel in which heat is generated, a heat exchanger for transfer of heat
fram fuel salt to coolant salt, a sump-type centrifugal pump for circu-
lating the fuel salt, and connecting piping.

The secondary coolant system consists of a coolant-salt pump, a ra-
diator in which heat is transferred from coolant salt to air, and piping
which connects the pump, heat exchanger, and radistor.

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

Reactor Vessel and Graphite Core

The reactor vessel is a 5-ft-diam, 8-ft-high tank containing a 55-
in.-diam by 64-in.-high graphite core structure. A cutaway drawing of
the reactor is shown in Fig. 6, p. 18. Design data for the reactor vessel
and the graphite core are presented in Table 1.
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At the design point of 10 Mw (thermal) the fuel salt enters the flow
distributor near the top of the vessel at 1175°F and 20 psig. The fuel
then spirals downward in turbulent flow through a l-in. annulus between
the vessel wall and the core can, cooling the vessel wall to within 5°F
of the bulk temperature of the entering fuel salt. Straightening vanes
welded to the bottom head of the reactor vessel remove the rotational
component and direct the fuel upward in laminar flow through the 0.4~ by
l.2-in. channels machined in the 67-in.-long graphite bars of the core
matrix., There are about 1140 of these flow passages in which heat is
generated by the fissioning of the 235U constituent of the fuel salt.

When filled, the core, having a nominal volume of 90 ft3, contains
20 £t of fuel salt and 70 £t3 of graphite. At 10 Mw, with no fuel ab-
sorbed by the graphite, 1.4 Mw of heat is generated in the fuel outside
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Teble 1. Reactor Vessel and Core Design Data and Dimensions

Construction material

Inlet nozzle, sched 40, in., iron pipe
size

Outlet nozzle, sched 40, in., iron pipe
size

Core vessel
0D, in,
‘ID, in.
Wall thickness, in.

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

Head thickness, in.

Design pressure, psi
Design temperature, °F

Fuel inlet temperature, °F
Fuel outlet temperature, °F
Inlet

Cooling annulus ID, in.
Cooling annulus OD, in.
Grephite core
Diameter, in.
Number of fuel channels (equivalent)

Fuel channel size, in.

Core container
ID, in.
0D, in.
Wall thickness, in.
Height, in.

INOR-8
5

59-1/8 (60 in. max)
58

9/16

100-3/4

1

50
1300
1175
1225

Constant area
distributor

56
58

55-1/4
1140

1.2 X 0.4 (rounded
corners)

55-1/2
56
1/4
68
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the nominal core volume, 0,6 Mw is generated in the graphite, and 8.0 Mw

is generated in the fuel within the core, giving an average power density
of 14 kw/liter in the nominal core. The maximum power density is calcu-

lated to be 31 kw/liter.

The thermal conductivities of both the fuel salt and the graphite
are such that, even with laminar flow, the maximum graphite temperature
is only about 60°F above the temperature of the adjacent fuel., The nu-
clear average and maximum temperatures of the graphite are estimated to
be about 1255 and 1300°F respectively. The fuel exit temperature in the
hottest channel is about 1260°F., The mixed fuel leaves the plenum at the
top of the reactor at 1225°F and 7 psig.

A 10-in.-diam access port on top of the reactor vessel is designed
to permit the insertion of graphite and metal samples and three 2-in.-diam
thimbles for control rods into the core at 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-
conel hose to permit passage around two bends that form an offset in each
thimble. The control rods have an individual worth of 2.8% Nk/k and a
combined worth of 6.7% Ak/k. At the maximum withdrawal rate of 0.5 in./
sec, normally limited to one rod at a time, the change in reactivity is
0.04% (Ak/k)/sec. Simultaneous insertion of the three rods at a rate of
0.5 in./sec causes & change in reactivity of 0.09% (Ak/k)/sec. The con-
trol rods and rod drives are cooled by circulation of ambient cell atmos-
phefre through the flexible hoses and the thimbles.

Fuel Pump

A sump-type centrifugal pump, shown in Fig. 2, having a vertical
shaft with an overhung impeller, takes its suction directly from the re-
actor. The impeller rotates at 1160 rpm to discharge 1200 gpm at a head
of 49 ft of fluid. The 75-hp drive motor is directly coupled to the
shaft, and the complete assembly is about 8 ft high. The pump and motor
are hermetically sealed to prevent the escape of volatile fission products
to the reactor cell.

The 36-in.-diam pump bowl serves both as the pump sump and as the
normal expansion volume for the fuel salt. - Gas-bubbler-type level indi-
cators are used to accurately determine the position of the free fluid
surface in the pump bowl. An overflow teank having a volume of 5.5 £t3
is located beneath the pump and is connected to the gas space above the
free surface of the fuel in the pump bowl. Although this tank is not

- normally used, its volume is sufficient to provide for the free expansion
of the fuel salt under all emergency conditions.

A sampling and enriching system; located in a hot cell in the high-
bay area above the reactor, is connected directly to the pump bowl and
provides means for extracting a 10-g sample of salt for analysis or adding
90 g of fuel to alter the fuel concentration or to compensate for fuel
burnup. )
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About 65 gpm of the pump output is recirculated in the pump bowl to
facilitate the release of entrained or dissolved gases from the salt.
These gases, containing highly radioactive xenon and krypton, are carried
to the off-gas disposal system by about 200 ft3/day (STP) of helium flow-
ing through the gas space of the pump bowl. This helium also serves as
a cover gas to exclude air and water vapor from the salt.,

A sealed external pumping system supplies oil to lubricate the ball
bearings and rotary seals on the pump shaft and to remove heat, generated
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by friction or nuclear radiation, from metal parts not cooled by the salt.
The helium purge enters the pump below the lower shaft seal. A small part
of it flows upward to sweep out oil vapor leaking through the seal, and
the remainder flows downward along the shaft to the pump bowl, preventing
the radioactive gases from reaching the oil., The latter flow eventually
enters the off-gas system.

The drive motor and the pump rotary assembly are separately remov-

able. This facilitates remote removal and replacement of the rotary as-
sembly, if required.

Primary Heat Exchanger

The horizontal shell-and-tube heat exchanger shown in Fig. 3 is about
16 in. in diameter and more than 8 ft long. It contains 159 1/2-in.-OD
by 0.,040-in,-wall U-tubes approximately 15 £t long, with an effective heat
transfer surface of ~254 £, At the 10-Mw performance level the salt
discharged by the fuel pump flows through the shell side, where it is
cooled from 1225 to 1175°F. The coolant salt circulates through the tubes
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at 850 gpm, entering at 1025°F and leaving at 1100°F. In the event of a
heat exchanger tube failure, it is desired that leakage be from coolant
to fuel. So the shell side of the primary heat exchanger is at lower
pressure than the tube side.

The shell side contains 25%-cut cross-baffles on 12-in. spacing to
achieve cross flow through the shell. INOR-8 spacing bars are tightly
laced in two directions through spaces between the triangular-pitched
tubes to eliminate tube flutter and vibration. A flow-impingement baffle
is placed on the downstream side of the shell entrance nozzle to prevent
direct impingement of the high-velocity salt stream upon the tubes.

The most significant design data for the primary heat exchanger are
Presented in Table 2.

Coolant Pump

The coolant salt is circulated by a sump-type centrifugal pump iden-
tical in most respects to the fuel pump. Major differences are the elim-
ination of provisions for removal of radioactive gases and the overflow
tank, The pump has both float-type and gas-bubbler-type level indicators
in the pump bowl. The pump is driven by a 75-hp, 1750-rpm motor and de-
livers 850 gpm at a head of 78 ft of fluid. :

Radiator

Heat transported by the coolant salt is discharged to air in the ra-
diator shown in Fig. 4. Seven hundred square feet of cooling surface is
provided by 120 tubes, 0,75 in. in diameter by 30 ft long, arrayed in 10
banks, each containing 12 tubes. The tubes in each bank are butt-welded
at both ends to common headers which are in turn connected to larger flow
distribution and collection headers at the entrance and exit ends.

Cooling air is supplied to the radiator by two 250-hp axial blowers,
having a combined capacity of 200,000 cfm. At a power level of 10 Mw,
the salt enters the radiator at 1100°F and leaves at 1025°F, resulting
in a cooling-air temperature rise of 200°F. To guard against freezing

of the salt in the radiator tubes, quick-closing doors, automatically ac- .

tuated upon sudden reduction of reactor power, are provided to shut off
the air flow, and the radiator is heated by banks of electric heaters in-
side the enclosure. The doors can be adjusted at any position between
fully open and fully closed, and remotely actuated dampers can be adjusted
to bypass air around the radiator to regulate the heat removal rate,

Pertinent design data for the MSRE radiator are given in 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 in operation. A f£ill-
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Table 2. Design Data for Primary Heat Exchanger

Construction material
Heat load, Mw
Shell-side fluid
Tube-side fluid
Layout

Baffle pitch, in.

Tube pitch, in.

Active shell length, It
Overall shell length, ft
Shell diameter, in.

Shell thickness, in.
Average tube length, ft
Number of U-tubes

Tube size, in.

Effective heat transfer surface, 2
Tube-sheet thickness5 in.

" Fuel salt holdup, ft

Design temperature, °F
Shell side
- Tube side
Design pressure, psig
Shell side
Tube side o
Allowable working pressure, psig
Shell side
Tube side
Hydrostatic test pressure, psig
Shell side
Tube side
Terminal temperature, °F
Fuel salt
Coolant
Effective log mean temperature
difference, °F
Pressure drop, psi
Shell side
Tube side
Nozzles
Shell, in. (sched 40)
Tube, in. (sched 40)
Fuel-salt flow rate, gpm
Coolent-salt flow rate, gpm

INOR-8

10

Fuel salt

Coolant salt

25%-cut cross-baffled
shell with U-tubes

12

0.775 triangular

~6

~8

16

1/2

14

159

1/2 0D, 0.042 wall

~254

1-1/2

6.1

1300
1300

55
90

75
125

800
1335

1225 inlet; 1175 outlet

1025 inlet; 1100 outlet
133

24
29
5

5
1200 (2.67 cfs)
850 (1.85 cfs)

8pased on actual thicknesses of materials and stresses allowed by

ASME Code.
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and-drain line connects two fuel-salt drain tanks and one flush-salt tank
to the reactor vessel. ,One drain tank is provided for the coolant salt.

During operation, salt is held in 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 salt plug as required

for unmodulated flow.

Table 3. Radiator Design Data

Construction material
Duty, Mw
Temperature differentials, °F
Salt
Air
Air flow, cfm at 9.9 in. Hp0
Salt flow (at average temperature), gpm
Effective mean AT, °F

Overall coefficient of heat transfer,
Btu ft~° hr~l (°F)"1

Heat transfer surface area, 2
Design temperature, °F

Maximum allowable internal pressure
at 1250°F, psi

Operating pressure at 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 40

Main headers, in., ID (1/2 in. wall)
Air side AP, in. of Hp0
Salt side Ap, 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
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Provisions have been made for remotely cutting the draih tank piping
at preselected points for the removal of components, and for making brazed
Joints at those points.

A fuel-salt drain tank is shown in Fig. 5. The tank is 50 in. in
diameter and 86 in. high., Its 80-ft3 volume is sufficient to hold in a
noncritical geometry all the salt that can be contained by the fuel-salt
circuleting system. The tank is provided with a low-pressure, gravity-
circulated cooling system, capsble of removing 100 kw of fission product
decay heat by boiling water in 32 bayonet tubes that are inserted in thim-
bles in the tank.

The flush-salt tank is similar to the fuel-salt tank, except that
it has no thimbles or cooling system. New flush salt is similar in com-
position to fuel salt, but without fissile or fertile materials. It is
used to wash the fuel-salt circulating system before fuel is added and
after fuel is drained, and the only decay heat is from the small quantity .
of fission products that it removes from the equipment.

The coolant-salt tank resembles the flush-saslt tank, but it is 40 in.
in diameter by 78 in. high and has a volume of 50 ft3, : .

The tanks are provided with devices to indicate high and low levels
and with weigh cells to indicate the weight of the tanks and their con-
tents with sufficient accuracy to determine the quantity of salt in the
circulating system at any time.

Piping and Flanges

The major components of the fuel-salt and coolant-salt circulating
systems are interconnected by 5-in. sched 40 piping. The fill-and-drain
lines are l-l/2-in. sched 40 pipe in which the freeze valves are located.

Since equipment and techniques have not been developed for remote ®
welding of piping, special flanges are used in the fuel-salt circulation
system to permit removal and replacement of radioactive components. These -
flanges, designated freeze flanges, utilize a ring of frozen fuel salt
between the flange faces to prevent liquid leakage and a conventional
O-ring-type, helium-buffered, leak-monitored joint to prevent the escape
of fission-product-contaminated gases. ‘ .

Heating Equipment

A1l the components and connecting piping in the salt circulating

systems are heated electrically to maintain all portions of the system

above the salt liquidus temperature of 840 to 850°F, The equipment is

preheated before salt is added, and the heaters are continmuously ener-

gized during reactor operation to ensure that there is no uncontrolled

freezing of the salt in the piping and that the salt can be drained when .
necessary. The total capacity of the heaters is about 1930 kw; however, &HJ
the actual power load is less than half of this. Normally, the power is :
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supplied by TVA lines; however, about 300 kw can be provided by the diesel
electric 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 electrical 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 in the reactor and drain tank cells can be replaced, if re-
quired, by remote manipulation. Heating units in areas having negligible
radioactivity during shutdown are replaceable by direct contact mainte-
nance only.

To minimize dusting, multiple-layer reflective-type thermal insula-
tion is generally used with remotely replaceable heating units. The per-
manent heaters are insulated with low-thermal-conductivity ceramic fiber
or expanded silica materisls. :

At least one thermocouple is provided on the piping for each heater

unit. Anticipated "cold spots" in the piping have additional thermo-
couples.

Materials of Construction

The salt-containing piping and components are fabricated from INOR-8
— a special nickel-molybdenum alloy of the Hastelloy family, having good
resistance to corrosion attack by the fuel and coolant salts at tempera-
tures at least as high as 1500°F, The mechanical properties are superior
to those of the austenitic stainless steels, and the alloy is weldable
by established procedures. Most of the INOR-8 equipment was designed for
1300°F and 50 psig service, assuming an allowable stress of 2750 psi.

Stainless steel piping and valves are used in the helium supply and
off-gas systems. INOR-8, Inconel, and Monel are used in the fuel reproc-
essing system.

Major Auxiliary Systems

In addition to the fuel-salt and coolant-salt circulating systems,
three major auxiliary systems are required for operating the MSRE., These
are the cover- and off-gas systems, instrumentation and control systems,
and the fuel reprocessing system. These systems are discussed in detail
elsewhere and are only briefly described here.

Cover- and Off-Gas Systems

A helium cover-gas system protects the oxygen-sensitive fuel from
contact with air or moisture. Commercial helium is supplied from a tank
trailer, located outside the building, and is passed through a purifica-
tion system to reduce its oxygen and water content below 1 ppm before it
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is admitted to the reactor systems. A flow of 200 ft3/day (STP) is passed
continuously through the fuel pump bowl to transport the fission product
gases to activated charcoal adsorber beds, The radioactive xenon is re-
tained on the charcoal for a minimum of 90 days, and the krypton is re-
tained for 7-1/2 days, which is sufficient for all but the %Kr to decay
to insignificant levels. The 85Kr is maintained well within tolerance,
the effluent gas being diluted with 21,000 cfm of air, filtered, moni-
tored, and dispersed from a 3-ft-diam, 100-ft-high steel contaimment ven-
tilation stack.

The cover-gas system is also used to pressurize the drain tanks to
move molten salts into the fuel and coolant circulating systems, The gas
effluent from these operations is passed through charcoal beds and fil-
ters before it is discharged through the off-gas stack.

Instrumentation and Control Systems

Nuclear and process control are important to the operation of the
MSRE. The reactor has a negative temperature coefficient of 6.4 to 9.9 X
10~% (Ak/k)/°F, depending on the type of fuel that is being used. The
excess reactivity requirements are not expected to exceed 2 X 1072 Ak/k
at the normal operating temperature. The three control rods have a com-
bined worth of 5.6 to 7.6 X 1072 Ak/k, depending upon the fuel composi-
tion. Their major functions are to eliminate the wide temperature varia-
tions that would otherwise accompany changes in power and xenon poison
level and to make it possible to hold the reactor subcritical at a temper-
ature 200 to 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 is not required of the control rods; however, a mag-
netic clutch is provided in the drive train to permit the rods to 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.
Burnup and growth of long-lived fission product poisons are compensated
by adding fuel through the sampler-enricher. Complete shutdown of the
reactor is accomplished by draining the fuel salt into the storage tanks
in the drain tank cell,

When the reactor is operated at power levels above a few hundred
kilowatts, the power is controlled by regulating the air flow, and thereby
the rate of heat removal, at the radiator. The power level is determined
by measuring the flow rate and temperature difference in the coolant-salt
system., The control rods operate to hold the fuel outlet temperature
from the reactor constant, and the inlet temperature is permitted to vary
with power level., At low power the control rods operate to hold the neu-
tron flux constant, and the heat withdrawal at the radiator or the input
to the heaters on piping and equipment is adjusted to keep the temperature
within a specified range.

Preventing the salts from freezing, except at freeze flanges and
valves, and protecting the equipment from overheating are among the most
important control functions. Temperatures are monitored in about 400

.
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places in fuel and coolant systems, and the heating and cooling equipment &ﬁ?

is controlled to maintain temperatures within specified ranges throughout
the systems.

Digital computer and data handling equipment are included in the in-
strumentation to provide rapid compilation and analysis of the process
data. This equipment has no control function, but gives current infor-
mation about all important variables and warns of abnormal conditions.

Fuel Processing System

. Batches of fuel salt or flush salt which have been removed from the
reactor circulating system can be processed in separate equipment to per-
mit their reuse or to recover the uranium,
Saelts that have been contaminated with oxygen to the saturation point .
(about 80 ppm of 02), and thus tend to precipitate the fuel constituents
as oxides, can be treated with a hydrogen—hydrogen fluoride gas mixture ,
to remove the oxygen as water vapor. These salts can then be reused. .

A salt batch unacceptably contaminated with fission products, or one
in which it is desirable to drastically change the uranium content, can
be treated with fluorine gas to separate the uranium from the carrier
salt by volatilization of UFg. In some instances the carrier salt will
be discarded; in others uranium of a different enrichment, thorium, or
other constituents will be added to give the desired composition.

The processing system consists of a salt storage and processing tank,
supply tanks for the Hp, HF, and Fp; treating gases, a high-temperature
(750°F) sodium fluoride adsorber for decontaminating the UFg, several
low-temperature portable adsorbers for UFg, a caustic scrubber, and as-
sociated piping and instrumentation. All except the UFg adsorbers are
located in the fuel processing cell below the operating floor. v

After the uranium has been transferred to the UFg adsorbers, they

are transported to the ORNL Volatility Pilot Plant at X-10, where the UFg
is transferred to product cylinders for return to the diffusion plants.

General Plant Arrangement

The general arrangement of Building 7503 is shown in Fig. 6. The
nain entrance is at the north end. Reactor equipment and major auxiliary
facilities occupy the west half of the building in 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- —
ditional offices are provided in & separate building to the east of the \HJ
main building.
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Equipment for wventilation of the operating and experimental areas
is located south of the main building. A small cooling tower and small
buildings to house stores and the diesel-electric emergency power equip-
ment are located west of the main building.

The reactor primary system and the drain tank system are installed
in shielded, pressure-tight reactor and drain tank cells, which occupy
most of the south half of the high-bay area. These cells are connected
by an open 3-ft-diam duct and are thus both constructed to withstand the
same design pressure of 40 psig, with a leakage rate of less than 1 vol %
per day. A vapor-condensing system, buried in the ground south of the
building, is provided to keep the pressure below 40 psi during the maximum
credible accident by condensing the steam in vapors that are discharged
from the reactor cell. When the reactor is operating, the reactor and
drain tank cells are sealed, purged with nitrogen to obtain an atmosphere
that is less than 5% oxygen, and maintained at about 2 psi below atmos-
pheric pressure.

The reactor cell is a carbon steel contaimment vessel 24 ft in di-
ameter and 33 ft in overall height. The top is flat and consists of two
layers of removable concrete plugs and beams for a total thickness of
7 £t. A thin stainless steel membrane is installed between the two layers
of plugs and welded to the wall of the steel vessel to provide a tight
seal during operation.

The reactor cell vessel is located within a 30-ft-diam steel tank.,
The annular space is filled with a magnetite sand and water mixture, and
there is a minimum of 2 £t of concrete shielding around the outer tank.
In addition to this shielding, the reactor vessel is surrounded by a l4-
in.-thick steel and water thermal shield.

The drain tank cell adjoins the reactor cell on the north. It is 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 roof structure, including
the membrane, is similar to that of the reactor cell.

The coolant cell abuts the reactor cell on the south., It is a
shielded area with controlled ventilation but is not sealed.

The blowers that supply cooling air to the radiator are installed
in an existing blower house along the west wall of the coolant cell.

Rooms containing auxiliary and service equipment, instrument trans-
mitters, and electrical equipment are located along the east wall of the
reactor, drain tank, and coolant cells, Ventilation of these rooms is
controlled, and some are provided with shielding.

The north half of the building contains several small shielded cells
in which the ventilation is controlled, but which are not gastight. These
cells are used for storing and processing the fuel, handling and storing

- liquid wastes, and storing and decontaminating reactor equipment.
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‘ The high-bay area of the building over the cells mentioned above is
lined with metal, has all but the smaller openings sealed, and is provided
with air locks. Ventilation is controlled, and the area is normally op-
erated at slightly below atmospheric pressure. The effluent air from this
ares and from all other controlled-ventilation areas is filtered and mon-
jtored before it is discharged to the atmosphere. The containment ven-
tilation equipment consists of a filter pit, two fans, and a 100-ft-high
stack, They are located south of the main building and are connected to
it by a ventilation duct to the bottom of the reactor cell 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. The carbon beds are installed in an existing pit that is
filled with water and covered with concrete slabs. The vent house and
pit are also controlled-ventilation areas. Gases from the carbon beds
are discharged into the ventilation system upstream from the filter.

Maintenance of equipment in the fuel circulsating and drain tank sys-
tems will 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 is located above the operating floor
for operation of the cranes and other remotely controlled equipment. This
room will be used, primarily, when a large number of the roof plugs are
removed and a piece of highly radiocactive equipment is to be transferred
to a storage cell,

Equipment in the coolant cell cannot be approached when the reactor
is operating, but since the induced activity in the coolant salts is
short-lived, the coolant cell can be entered for direct maintenance
shortly after reactor shutdown.

Description of Major Areas; Status of Construction
and MSRE Installation

General

A general view of Building 7503 is shown in Fig. 7., This area was

originally constructed for the Aircraft Reactor Experiment and later mod-

ified for the Aircraft Reactor Test, which was canceled in 1957. Some
accommodations in the MSRE design were necessary to fit the experiment
into the existing structures, and extensive modifications were required
in the sections of the building that house the reactor and fuel-salt cir-
culation system, the coolant-salt circulation system, and the fuel-salt
drain tanks. A shielded remote-maintenance control room was added. The
existing reactor contaimment vessel height was increased by about 8-1/2
ft, and the shielding walls, roof plugs, cell wall penetrations, supports,
and other structural features were extensively modified. Considerable
excavation was needed within the high bay to make room for the drain tank
cell. The penthouse for the coolant system and the radiator duct were
extensively modified.




Fig. 7. North View of Building 7503.

In modifying the existing buildings for the MSRE, the areas were
divided into five classifications: .

Class I. These areas have high radiation levels at all times once
the reactor has operated at power and highly radioactive fuel or wastes
have been handled in the equipment. They include the reactor cell, drain
tank cell, fuel-processing cell, liquid waste cell, charcoal bed pit,
etec. The equipment in these areas must withstand relatively high radia-
tion levels and, in most cases, must be maintained by remote-maintenance
methods, Direct maintenance will be possible in the fuel-processing and
liquid-waste cells, but the equipment must first be decontaminated.

Class II. Areas in this classification are not accessible when fuel &i)
salt is in the primary . circulating system but can be entered within a =
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short time after the salt has been drained. The coolant-salt area, which
includes the radiator, coolant pump, and coolant-salt drain tank, is in
this category. The west tunnel and the unshielded areas of the blower
house are other exemples. Equipment in these areas can be repaired by
direct approach.

Class III1. These are areas that are accessible during periods of
low-power operation of the reactor, such as the special equipment room
and south electric service area, but cannot be entered if the power is
above 1 Mw, The equipment in these areas can be inspected and repaired
without draining the reactor.

Class IV. These are areas that are accessible or habitable at all
times, except under the conditions described below in Class V. These
areas include office spaces, control rooms, etc.

Class V. The maintenance control room will be the only habitable
area during maintenance operations when large, radioactive components are
being removed from the reactor cell. The rest of the MSRE site must be
evacuated. This shielded room contains remote control units for the
cranes and TV cameras.

Building

Above grade, Building 7503 is constructed of steel framing and as-
bestos cement corrugated siding with a sheet metal interior finish. Re-
inforced concrete is used in almost all cases below the 850-ft elevation.

Floor plans at the 852- and 840-ft levels are shown in Figs. 6 and
8. The general location of equipment is also shown in Fig. 6, and an
elevation view is shown in Fig., 9.

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

The eastern half of the building above the 852-ft elevation is 38
£t wide, 157 £t long, and about 12 ft high. Offices for operational per-
sonnel are located along the east wall of the north end. The main con-
trol room (Fig. 10), auxiliary control room, and a room used for the data
logger, computer, and by the shift supervisor on duty are located across
the hall on the western side. The large hall provides ample space for
an observation gallery. Windows behind the control panels enable the op-
erating personnel to view the top of the reactor cell and other operating
areas of the high bay. The change rooms are located near the center of
the building. The southeastern corner is used for an instrument shop,
instrument stores, and offices for instrument department supervisory per-
sonnel, '

Most of the western half of the building at the 840-ft level is 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 is located against the west wall in
the northwest corner of this lewvel. Switch boxes used in the heater cir-
cuits are located across the aisle between columns A and C (see Fig. 6).
Behind these switch boxes is an 8- by 40-1/2-ft pit with a floor elevation
of 831-1/2 ft. This pit contains heater circuit induction regulators with
some heater transformers mounted above. It is accessible from the 840-ft
level by stairs located at the east end. Additional induction regulators
and rheostats are located at column line C between columns 2 and 3. The
heater control panels and thermocouple scasnner panels are installed along
column line C between columns 3 and 4.

The batteries for the 48- and 250-v dc emergency power supply are in
an 18- by 18-ft battery room in the northeast corner. The motor gener-
ators and control panels for the 48-v system are in an area west of the
battery room. The main valves and controls for the fire protection sprin-
kler system are installed along the north wall.

A maintenance shop area is provided between columns 2 and 4. The
process-water backflow preventer is installed on the east wall between
columns 2 and 3,
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The area between column lines 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 for maintenance personnel.
The transmitter room is located between column lines 5 and 6.

The service room, 16 by 27 ft, located at the northeast corner of
the 840-ft level, serves as a small chemistry laboratory and as an access
to the service tunnel. The instrument panels for the fuel and coolant
lube o0il systems are located in this area.

Reactor Cell. The reactor cell, shown in Fig. 9, is a cylindrical
carbon steel vessel 24 ft in diameter and 33 ft in overall height (ex-
tending from the 819- to 852-ft elevation), with a hemispherical bottom
and a flat top. The lower 24-1/2 £t (819~ to 843-1/2-ft elevation) was
built for the ART in 1956. It was designed for 195 psig at 565°F and
was tested hydrostatically at 300 psig. The hemispherical bottom is 1
to 1-1/4 in. thick. The cylindrical portion is 2 in. thick except for
the section that contains the large penetrations, where it is 4 in. thick.

This vessel was modified for the MSRE in 1962 by lengthening the
cylindrical section 8-1/2 £t (843-1/2- to 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 wvessel to form a
sump. The extension to the vessel was 2 in. thick, except for the top
section, which was made as a 7-1/4- by l4-in. flange for bolting the top
shield beams in place. The flange and top shield structure were designed
for 40 psig and the completed vessel was tested hydrostatically to 48
psig, measured at the top of the cell. Both the original vessel and the
extension were made of ASTM A20]1 grade B fire-box-quality steel., Material
for the extension was purchased to specification ASTM A300 to obtain steel
with good impact properties at low temperature. Steel for the original
vessel was purchased to specification ASTM A201,

All the welds on the reactor cell vessel were inspected by magnetic
particle methods if they were in carbon steel, or by liquid penetrant
methods if they were in stainless steel. All butt welds and penetration
welds were radiographed. After all the welding was completed, the vessel
was stress relieved by heating to 1150 to 1200°F for 7-1/2 hr.

Calculated stresses in the vessel were well below those permitted
by ASME Boiler and Pressure Vessel Code Case 1272N-3., Allowable stresses
for AST™M A201 grade B steel were taken as 16,500 psi 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.

Two layers of 3-1/2-ft-thick shield blocks for the reactor cell are
supported by a channel formed into a ring and welded to the inside of the
cell wall., The cavity in the channel is filled with steel shot to provide
shielding for the cracks between edges of the blocks and the cell wall.
One-half-inch steel plate stiffeners are installed at 9° intervals. The
top of the chamnel is at the 848-1/2-ft elevation.
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Two beams provide the rest of the support for the bottom layer of >
blocks. These beams were built of 36-in. WF 150-1b I-beams with angle
iron and steel plate stiffeners, The cavities were filled with concrete
for shielding., The beams rest on a built-up support plate assembly, which
is welded to the side of the cell at the 847-ft 7-in. elevation.

Offsets, 6-1/4 by 26 in., are provided in the ends of the bottom
blocks to fit over the support beams. Guides formed by angle iron assure
proper alignment. Several of the bottom blocks have stepped plugs for
access to selected parts of the cell for remote maintenance.

The sides of the blocks are recessed 1/2 in., for 14 in, down from
the top. With blocks set side by side and with a 1/2-in. gap between, a
1-1/2-in. slot is formed at the top. One-inch-thick steel plate 12 in. ‘
high is placed in the slots for shielding. The 11-gage ASTM-A240 type ¢
304 stainless steel membrane is placed on top of the bottom layer of ‘
blocks and is seal-welded to the sides of the cell. Cover plates are *
provided over each access plug. These are bolted to the membrane and are .
sealed by neoprene O-rings. A 1/8-in. layer of Masonite is placed on top
of the membrane to protect it from demage by the top layer of blocks.

The top blocks are beams that reach from one side of the cell to the
other. The ends of these blocks are bolted to the top ring of the cell
with fifty 2-1/2-in, No. 4 NC-2 studs, 57-1/4 in. long, made from ASTM-
A320 grade L7 bolting steel. These studs pass through holes that were
formed by casting 3-in. sched 40 pipes in the ends of the blocks. Cold-
rolled steel 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.

A removable structural steel platform (elevation 823-1/2 ft at top)
forms a floor in the reactor cell vessel and a base for supporting major
pieces of equipment.

The reactor cell vessel is installed in another cylindrical steel
tank that is referred to here as the shield tank., This tank is 30 £t in ) =
diemeter and 35-1/2 ft high (elevation 816-1/2 to 852 ft). The flat
bottom is 3/4 in. thick, and the cylindrical section is 3/8 in. thick. .
The shield tank sits on a reinforced concrete foundation that is 34-1/2
ft in diameter by 2-1/2 ft thick. The reactor vessel cell is centered
in the shield tank and supported by a 15-ft-diam, 5-ft-high cylindrical
skirt made of 1-in.-thick steel plate, reinforced by appropriate rings
and stiffeners, The skirt is joined to the hemispherical bottom of the
reactor cell in a manner that provides for some flexibility and differen-
tial expansion and is anchored to the concrete foundation with eighteen
2-in.-diaem bolts.

From elevation 816-1/2 to 846 ft, the annulus between the shield
tank and the reactor cell vessel and skirt is filled with magnetite sand
and water for shielding. The water contains about 200 ppm of a chromate
rust inhibitor, Nalco-360, A 4-in.-diam overflow line to the coolant cell ]
controls the water level in the annmulus. ‘;;
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The region beneath the reactor cell vessel inside the skirt contains
only water, and steam will be produced there if a large quantity of salt
is spilled into the bottom of the reactor cell. An 8-in.-diam vent pipe
is provided to permit the steam to escape at low pressure. This pipe con-
nects into the skirt at the junction with the reactor cell and extends
to elevation 846 ft, where it passes through the wall of the shield tank
and terminates as an open pipe in the coolant cell.

From elevation 846 to 852 ft, the annulus between the reactor cell
and shield tank is filled with a ring of magnetite concrete. The concrete
ring improves the shielding at the operating floor level and provides some
stiffening for the top of the reactor cell vessel., The concrete ring is
supported from the wall of the shield tank, and the reactor cell wall is
free to move through the ring and to expand and contract relative to the
shield tank.

Numerous penetrations were installed through the walls of the reactor
cell and shield tank to provide for process and service piping, for elec-
trical and instrument leads, and for other accesses. The penetrations
are 4~ to 36-in,-diam pipe sleeves welded into the walls of the reactor
cell and the shield tank., Since the reactor cell will be near 150°F when
the reactor is operating and the temperature of the shield tank may at
times be as low as 60°F, bellows were incorporated in most of the sleeves
to permit radial and axiasl movement of one tank relative to the other
without producing excessive stress. The bellows are covered with partial
sleeves to prevent the sand from packing tightly around them.,

Several other lines are installed directly in the penetrations with
welded seals at one or both ends, or they are grouped in plugs which are
filled with conecrete and inserted in 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 cell when maintenance is in
progress, The original tank contained several other 8- and 24-in.-diam
penetrations, and they were either removed or closed.and filled with
shielding. ‘

All the components and connecting piping, which were first fitted
together on a precision assembly jig outside the cell, have been installed
in the cell, as shown in Fig., 1l. All thermocouple and heater leads have
been installed and connected to the thermocouple and heater remote dis-
connects. All leak detector tubing, helium, air, and water piping, to-
gether with associated valving, have been installed. No additional in-
stallation work is required for prenuclear testing with flush salt. Before
the addition of fuel salt and making the MSKE critical, the sampling and
enriching system and the control rods and rod drives must be installed.

. Drain Tank Cell. The drain tank cell shown in Fig. 6 is 17 £t 7 in.
by 21 £t 2-1/2 in., with the corners beveled at 45° angles for 2-1/2 ft.
The flat floor is at the 8l4-ft elevation, and the stainless steel mem-
brane between the two layers of top blocks is at the 838-ft 6-in. eleva-
tion. The open pit extends to the 852-ft elevation.
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The cell was designed for 40 psig, and when completed in 1962 it
wag hydrostatically tested at 48 psig (measured at the elevation of the
‘membrane, 838-1/2 ft).

The bottom and sides have a 3/16-in.-thick stainless steel liner,
backed up by heavily reinforced concrete, magnetite concrete being used
where required for biological shielding. The liner is welded to an angle-
iron grid work at approximetely 8-in. spacing, with l/2-in. plug welds.
The angle irons are welded to reinforcement rods embedded in the concrete.

Vertical columns in the north and south walls are welded to hori-
zontal beams embedded in the concrete of the cell floor. The tops of the
columns are welded to horizontal 36-in. WF 160 I-beams running east and
west, These have stiffeners welded to them on approximately 6-in. centers.
A slot is provided at the top of these I-beams at elevation 842 ft 1 in,
to 842 ft 4-3/8 in. by welding a 1-1/4-in. plate to the web of the beam,
Eighty-two 3-1/4- by 4-1/2- by 10-in. steel keys are wedged into this
slot to hold down the top blocks.

The top of the cell is composed of two layers of reinforced concrete
blocks with an 11-gage (A-204 type 304 stainless steel) membrane between

UNCLASSIFIED
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Fig. 11. Fuel-Salt Circulation System in Reactor Cell.
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them. Both layers of blocks are ordinery concrete (density 150 1b/ft3).
The bottom layer is 4 £t thick and the top layer is 3-1/2 £t thick,

The blocks are arranged to facilitate remote maintenance, One side
of the lower blocks, which run east and west, is supported by a ledge at
an elevation of 834-1/2 ft. The other side of these and the ends of the
north-south blocks are supported by beams that extend from the east to
the west side of the cell, These beams are built up of 24-in, 104,9-1b
I-beams with angle-iron and steel-plate stiffeners., The cavities are
poured full of concrete for shielding. These rest on & built-up support
plate assembly, which is welded to the side of the stainless steel liner
and is anchored into the concrete walls. Offsets, 4-1/4 by 25-1/2 in.,
are provided in the ends of the bottom blocks to fit 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 14 in, down from the
top. With two blocks side by side and with a l/2-in. gap between the
sides at the bottam, a 1-1/2-in. slot is formed at the top. One-inch
steel plates, 12 in. high, are put into the slots to provide biological
shielding.

The 1l-gage (ASTM A-240 type 304 stainless steel) sealing membrane
is placed on top of the bottom blocks (elevation 838 £+t 6 in.) and is
seal-welded to the sides of the cell. A 1/8-in. layer of Masonite is
placed on top of the seal pan to protect it from damege during installa-
tion of the top blocks. The top blocks are beams that reach from the
north side to the south side of the cell. They are held down by the
eighty-two 3-1/4- by 4-1/2- by 10-in. steel keys discussed previously.
These are inserted into slots in the top beams of the north and south
sides of the cell and are driven in approximately 4 in., leaving approxi-
mately 5 in. bearing on the ends of the blocks. There are approximately
four keys for each end of each block. A 1-1/2-in., 6 NC square nut is
welded to the top of each key to aid in removing and handling the keys.

The floor elevation is 814 ft at the highest point along the west
wall and slopes 1/8 in./ft to a trench along the east wall, The trench.
slopes 1/8 in./ft toward the south and terminates in a sump in the south-
east corner. The sump consists of a 10-in.-long section of 4-in. sched
40 pipe and a 4-in. butt-welded cap (347 stainless steel).

Numerous lines are installed through the walls of the drain tank
cell to provide for process and service piping, electrical and instrument
leads, and for other accesses. These enter through‘3/4- to 6-in. pipe
or pipe sleeve penetrations that are welded to the stainless steel liner
and cast into the concrete walls. Lines are installed in these individ-
ually or grouped in plugs that are filled with concrete and inserted.

Figure 12 shows the salt storage vessels and associated equipment,
installed in the drain tank cell. All tanks, tank furnaces, steam cooling
equipment, and associated piping have been installed in the drain tank
cell. ILeak testing and other required check-out tests have been conducted
on installed equipment. BExcept for the installation and check-out of
some remotely removable pipe heater insulation units, this cell is ready
to accept the flush salt.
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Drain Tank Cell Equipment Installed.

. UNCLASSIFIED
PHOTO 65477




51
Coolant Cell and Coolant Drain Tank Cell. Except for two lines in

the reactor cell which connect the coolant-salt circulating system to the
heat exchanger, all coolant-salt piping is located in the coolant and
coolant drain tank cell, shown in Fig. 6. The top section of the coolant
cell is a concrete enclosure (penthouse) which rises from the southwest
corner of the high bay to an elevation of 863 ft 3 in. The walls are
ordinary reinforced concrete 24 in., thick except for the south corner,
which is 15-1/2 in. thick., Additional shielding for this corner is pro-

vided by the 2-ft-thick base for the stack, which goes to the 859-ft ele-
vation. A 4-in. ledge at elevation 861 ft 9 in. on the southeast and
northeast sides of the penthouse supports the bottom layer of the top
shield blocks. These are constructed of 12-in.-thick reinforced ordinary
concrete. The 12-in.-thick top shielding blocks rest on the bottom blocks.
The l/2-in. gaps between plugs in each layer are staggered for better
shielding. Ledges at the 862-ft 9-in. elevation on the northeast side
and at the 861-ft 9 in. elevation on the other sides are provided for
shielding.

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

A l-l/4~in. steel grating and/or ll-gage sheet metal pan at elevation
834 ft 11 in. separates the coolant cell from the coolant drain tank cell.
Thus, the coolant drain tank cell is below ground level on all sides. The
elevation of the concrete floor is 820 ft. It is bounded by the reactor
cell annulus on the northeast and by the special equipment room on the
east,

Two penetrations from the reactor cell terminate in the coolant cell
or coolant drain tank cell. The wall between the coolant and coolant
drain tank cells and the special equipment room is 16 in. thick to the
835-ft 5-in. elevation and 12 in, thick above this. Existing openings
between the cells are closed by stacked magnetite concrete blocks to en-
able proper ventilation of both areas and to provide adequate shielding.
A 6-ft-wide concrete ramp with 2-ft stairs in the center (slope 7 in 12)
extends from the northwest corner of the coolant drain tank cell to the
blower house at the 840-ft elevation. This is closed off by stacked mag-
netite blocks. , T

Shielding from the coolant pump and from piping is provided by 8 ft
of barytes blocks stacked above the 835 ft elevation between the radiator
housing and reactor shield. '

A1l equipment for the coolant-salt system has been installed. Figure
13 shows the coolant pump and the radiator door-1ift mechanism. The in-
stalled radiator is shown in Fig. 14, and the main blowers are shown in
Fig. 15. The installed coolant drain tank equipment, located at the level
below the radiator, is shown in Fig. 16. This system has been checked
out and is ready to receive the coolant salt.
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Fig. 13. Coolant Pump and Radiator Door-Lift Mechanism.
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Special Equipment -Room. The major items-of equipment located in the
special equipment room are the component coolant blowers, the contaimment
boxes for the fuel pump cover gas and bubbler lines, the 30-in.-diam cell
ventilation duct, and the rupture disks and lines to the vapor-condensing
system, This cell is located southeast of the reactor cell and, as dis-
cussed previously, has a common wall with the coolant cell and coolant
drain tank cell, The other walls are 12-in.-thick reinforced concrete
below ground level. The cell is 15 £t 11 in. by 17 ft. The floor eleva-
tion is 828 ft 7 in., except for a 5-ft by 15-ft 1ll-in., by 3-ft-deep pit
which runs east and west, 2 ft 3 in. from the south wall.

The top consists of two rows of removable concrete shield plugs with
staggered joints. Bach row of blocks is 1 £t thick., The bottom row is
supported by a 4-in. ledge at the 850-ft elevation. Containment is pro-
vided by ventilation from the stack fans.

Figure 17 shows the equipment in the special equipment room as in-
stalled, checked out, and ready for operation. Only the lines to the
vapor-condensing system are yet to be installed.

Pump Room. The pit pump and sump pumps are located in the pump room.
This room is under the north end of the special equipment room. It is
7-1/2 £t wide by 15 ft 3 in. long by 6 ft 7 in. high with a floor eleva-

tion of 820 ft.

A 3- by 3-ft sump, near center of the north wall, extends

to the 811-ft elevation.

Access to the pump room is through a 3- by 4-ft

hatch near column C-8.

Service Tunnel.

This equipment is installed.

The fuel and coolant lube-oil systems shown in Fig.

18 and the reactor cell ventilation block valves are installed in the

% UNCLASSIFIED
PHOTO 66339

Fig. 17. Equipment Installed in Special Equipment Room.
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service tunnel. This tunnel is 7 £t wide by 11 £t high by approximately
67 £t long. It passes under the southeast corner of the 7503 building
and extends south and west outside the building. The floor elevation is
833 £t 3 in. Normsl access is from the service room on the 840-ft level;
however, a 3- by 3~ft hatch near the west end provides access from outside
the building. This hatch is normally closed by & sheet-metal-covered
wooden 1lid. Contaimment is controlled by wventilation.

N

UNCL ASSIFIED
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Fig. 18. Typical Lube-0il System for Fuel and Coolant Pumps.
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Transmitter Room and Electric Service Areas. The area north and west
of the reactor cell annulus at elevation 831 ft (west tunnel) connects
by a narrow passage to a similar area north and east of the reactor cell
annulus (east tunnel).: These extend eastward under the 840-ft floor to
a 24-in,-thick concrete wall 12 ft north of column line 6, This entire
area is called the south electric service area. Six penetrations from
the reactor cell and eighteen from the drain tank cell terminate in this
area. The walls, except for those joining the reactor or drain tank
cells, are located below ground lewvel. The ceiling, which connects with
the transmitter room, is 24-in,-thick reinforced concrete with a 3-ft
7-1/2-in, by 6-ft 7-1/2-in. by 24-in.-thick concrete plug for access to
the area. This plug has a 4- by 12-in, offset on all sides for shielding.

The north electric service area is located north of the 24-in.-thick
concrete wall mentioned above. The floor of this room is at the 824-ft
elevation. Many of the drain tank cell penetrations terminate in this
area as well as some from the spare cell, The ceiling of this area and
the floor of the transmitter room above is 2- to 4-in.-thick reinforced
concrete poured on "Q" decking No., 3-16. Containment is by controlled
ventilation. A 2- by 3-ft manhole with a hinged steel door provides ac-
cess from the transmitter room.

The floor of the transmitter room is at the 840-ft elevation. The
5-in. floor of the high bay (elevation, 852 ft) is the ceiling of the
transmitter room. A 5-ft by 9-ft 3- 1/2-in. plug can be removed from the
high-bay floor so that the high-bay crane can be used to remove the shield-
ing plug on the 840-ft level between the transmitter room and the south
electric service area. This room is approximately 16 by 20 £t and con-
tains the leak detector system and instrumentation for the drain tank
weigh cells, pump level and speed, sump level, component cooling air, etc.

Auxiliary Cells. Six smaller cells are located between columns 2-5
and A-C. Removable concrete blocks provide access from the high-bay area
at the 852-ft elevation. Containment of each is by control of ventilation
and. discharge of the air through the filters to the stack. Descriptions
of their projected uses are given below, ' ,

Fuel Processing Cell — The fuel storage tank and other in-cell equip-
ment for hydrofluorinating or. fluorinating the fuel or flush salt are lo-
cated in this cell. The absorber cubicle is located east of this cell
at the 852-ft level, . :

Decontamination Cell — This cell contains a decontamination tank.
Both tank and cell are used for underwater maintenance and storage of con-
taminated eqplpment. f ,

Liquid Weste Cell ~ The liquid waste tank, sand fllter, and cell sump
jet block valves are located in this cell.

Remote Maintenance Cell — The liquid waste pump and weste tank ex-
haust blower are located in this cell. It will also be used as a remote
maintenance practice cell.
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Hot Storage Cell — This cell will be used to store contaminated
equipment removed from the reactor or drain tank cell.

.Spare Cell — The absolute filter in the chemical processing cell air
exhaust line and the flame arrester in the chemical processing off-gas
line are located in this cell.

High-Bay Containment Enclosure. The high-bay containment enclosure
between columns 2-8 and A-C is 42 by 136 ft with a ceiling elevation of
885 £t 4 in. The containment extends east near column 8 to include the
neutron instrument tube and to provide room for the fuel-salt sampler.

A false ceiling and contaimment seal is installed 15 £t above the
floor between columns 8-9 and B-C. The containment walls extend from
this elevation to 885 ft 4 in. along column line C from columns 8 to 9,
west along column line 9 to column A, then north along column A to column
8. Thus the coolant cell penthouse is included in the high-bay area and
the high-bay crane can be used for handling equipment and shielding blocks
in this cell. A 10- by 12-ft loading hatch and Bilco door in the false
ceiling of the area between columns 8-9 and B-C is used for moving small
equipment into or out of the contaimnment enclosure and for removal of
fuel- and coolant-salt samples., A 12- by 12-ft door located at column
line 2 is used for removal . of larger equipment. The framework of the high
bay 1s Stran Steel construction with a 16-gage iron sheet metal skin skip-
welded to it. The cracks were sealed with fiberglas tape and Carboline
paint.

Emergency exits are provided at the southeast corner and near the
center of the east wall. Since this area is considered as a contaminated
zone, normal entrance and exit is 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
control room is located along the west side of the high-bay containment
between the reactor and drain tank cells., The floor elevation is 862 ft
and the ceiling 870-1/2 ft. The west side is corrugated asbestos to match
the building. The roof is 12-in,~thick concrete, the south side 2-ft-
thick concrete, and the north and south sides 3- to 3-1/2-ft-thick con-
crete for shielding. A zinc bromide—filled viewing window is located on
the west side near the south end and another on the northwest corner of
the room for use during remote maintenance. Access to the maintenance
conbrol room is via stairs which terminate at ground level west of the
building. '

A 6-ft by 19-ft 8-in. electric equipment room located below the main-
tenance room has a floor elevation of 852 ft. This is accessible through
a hatch in the southeast corner of the maintenance control room.

Off-Gas Area

The off-gas area, consisting of a vent house and absorber pit, is
shown in Fig. 8.
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The vent house is 12 by 15 ft with an operating floor level of 848
ft. The sloping roof attaches to the south end of the 7503 building at
the 857-1/2-ft elevation.

A 5- by 9- by 3-ft-deep containment enclosure is located along the
east side of the wvent house. This contains the reactor and drain tank
off-gas lines, instruments, valves, etc. The bottom of this enclosure
is at the 839-1/2-ft elevation. The east and west sides are reinforced
concrete; the north and south ends and top at the 842-1/2-ft elevation
are constructed of mild steel angle irons and 1/8-in. plate (ASTM A-7).
The joints are caulked to prevent leakasge. Hand valves have shielded
extension handles which permit them to be operated from the vent-house
floor. Pipe caps are installed for containment when the valves are not
being operated. Five feet of barytes blocks are stacked on top of the
containment enclosure. A 17-in.-diam removable plug is installed above
the control valves and check valves to facilitate remote maintenance.

The west side of the vent house has a floor elevation of 844—1/2 't
and is used for off-gas lines not requiring shielding and for stacked
block shielding for the reactor and drain tank off-gas lines.

A 5- by 15-ft valve pit with the bottom at an elevation of 841 ft
is located south of the vent house, The off-gas lines pass through this
pit before entering the absorber beds, shown after fabrication in Fig.
19, The outlet lines are also located in this pit. The inlet valves are
contained in & 2-1/2- by 4- by 2-ft-high containment box which has a top
elevation of 845-3/4 ft. Seventeen inches of steel plate is used above
this box for shielding. Shielded extension handles permit operation of
the valves from the operating floor at an elevation of 848 ft. Pipe caps
are installed for containment when the valves are not being operated. The
liners between the charcoal beds and the pit go through a 9- by 18-in.
penetration, where they are grouted in place using Embeco expansion grout.

The charcoal bed pit has a 10-ft inside diameter with l4-in,.-thick
concrete walls, The bottom of the pit is at an elevation of 823 £t 9 in.
The pit is filled with water to an elevation of 846 ft for shielding.

Two lO-l/2—ft-diam by 18-in.-thick barytes concrete blocks are supported
by a ledge at the 846-1/2-ft elevation. The top block is caulked to ob-
tain an airtight seal. Additional barytes concrete blocks are stacked

on top of these to give a minimum of 5.1/2 £t of shielding. A 4-ft an-
nulus around the outside of the charcoal bed pit is filled with stabilized
aggregate from the 848-ft to the 849-ft 5-in. elevation.

The off-gas from the charcoal bed goes through the valve pit men-
tioned previously, where unshielded extension handles permit operation
from the 848-ft elevation. ; : :

Installation of the charcoal adsorbers and associated valving and
piping is nearing completion,
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Fig. 19. Charcoal Adsorber Beds for MSRE Off-Gas System.

Stack Area

The stack area is located south of Building 7503, All off-gas and
containment ventilation air passes through roughing and absolute filters
before being discharged up the stack.

These filters are located in a pit 60 £t south of Building 7503.
The pit is 26-1/2 by 18-3/4 £t with a sloping floor. The floor elevation
at the north end is 850 ft and the south end is 848 ft. The walls are
1-ft-thick concrete. The roof plugs are 18-in.-thick concrete with a
3-in. offset at the center. This offset rests on a ledge 9 in. down from
the top of the pit. The elevation of the top of the pit 1s 857 ft. The
roof blocks are caulked to prevent leakage.

A 3-ft 3-in. by 5-ft 6-in. valve pit is attached to the filter pit
on the southeast corner. This houses the filter pit drain valves and
water level indicators. The walls and removable roof plug asre 8-in.-thick
concrete. The floor and roof are at 845- and 857-ft elevations.

The two 21,000-cfm stack fans and the associsted 3-ft-diam by 100-
ft-high steel stack are located south of the filter pit.

A1l construction and equipment installations associated with the
stack, filter house, and ventilation ducts are completed.
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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. As mentioned previously,
the rupture disks and connections to the reactor cell exhaust duct are
located in the special equipment room. The tanks and piping for this
system are nearing completion, but are yet to be installed.

Blower House

The blower house is 36 by 43 ft with floor and ceiling elevations .
of 838 and 856 ft respectively. The north, south, and west walls are
louvered to provide air inlet to the two coolant blowers and two annulus
blowers located in the south half of the room. The air from the blowers
passes through the radiator area of the coolant cell and out the 10-ft-
diam by 70-ft-high steel stack located just north of the vent house. Top
elevation of this stack is 930 ft.

Gas coolant pump No. 3, which supplies air to freeze valves in the
coolant drain tank cell and fuel processing cell, is located between
column lines 7 and 8.

A ramp leading to the coolant drain tank cell begins at the north-
west corner of the blower house.

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

The stairs leading to the maintenance control room are located just
west of the blower house. The area under the stairs is used for the flu-
orine gas trailer, hydrogen and hydrogen fluoride gas cylinders, etc.,
which are used in processing the fuel salt.

A1 equipment in this area has been installed.

Diesel House

The 30- by 72-ft diesel house is located 36 £t west of Building 7503
between column lines 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 ft at the center and 852 ft at the sides.

The three diesel generator units, Fig. 20, and their suxiliaries are
located at the east end of the north half of the building. The 5000-gal
diesel fuel storage tank is 1ocated approx1mately 100 ft north of the
diesel house,

The helium cover-gas treatment équipment, Fig. 21, and emergency
helium supply cylinders are located just west of the diesels. The helium
supply trailer is located outside the west end of the building.




Fig. 20. Diesel Generator Installation.

Fig., 21. Helium Cover-Gas Treatment Equipment and Instrument Air
Compressor. . .
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The tower-water-to-treated-water heat exchanger is located along the
west. end inside the bulldlng. ,

The instrument air compressors and suxiliary air compressor are along
the south side (see Fig. 21).

Installation of equipment in this area is completed.

Switch House and Motor Generator House

The switch house, which is 30 by 36 ft, adjoins the diesel house on
the west and Building 7503 on the east. It has corrugsted asbestos siding
with a flat roof at the 852-ft elevation. The floor elevation is 840 ft.

The main switchgear for the 480-v feeder lines and the diesel gen-
erator controls are located in this 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 their control panels. The process power substation
is located west of the motor generator room.

Electrical installation in this area is completed.

Inlet Air Filter House

The high-bay inlet air filter and steam heating units are located
in the inlet air filter house, This 12- by 20-ft concrete block building
is located just west of the 7503 building. The floor elevation is 840 ft
6 in,, and the flat roof is at an elevation of 850 £t 11 in.

Procurement and Fabrication of Major Components

When project status was attained for the MSRE, it was thought de-
sirable to have the major components for the salt circulating systems
made by industrial fabricators who were experienced in producing reactor
components such as nuclear code vessels, heat exchangers, reactor con-
taimment vessels, ete. Engineering drawings and specifications, welding
qualification procedures, and inspection procedures were prepared vwhich
were consistent with this approach.

Requests for bide on the reactor vessel, radiator, healt exchanger,
and the several salt storage tanks were sent out to several companies
considered to have the greatest amount of experience in nuclear component
fabrication. After these companies had reviewed the drawings and spec-
ifications, a prebid conference was held at which representatives of these
companies were briefed on the properties and fabricability of INOR-8 and
interpretations of the specifications were made, if unclear to any pro-
spective bidder.
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Since INOR-8 was a new alloy, and since considerable precision ma-
chining and flaw-free welding were required, all companies invited de-
clined to submit lump-sum bids for producing the components. Further
negotiations disclosed that most felt too many uncertainties existed to
Justify lump-sum bids, although most had considerable experience with
other alloys of the Hastelloy family. Some of the companies expressed
an interest in producing the components under a cost-plus-fixed-fee con-
tract. It was decided, however, to fabricate the components in Union
Carbide Corporation shops, since craftsmen in these shops had several
years' experience in INOR-8 fabrication and the shops were well equipped
for fabrication of units of this size. The major portion of the INOR-8
component fabrication was done in the Y-12 shops. '

Special Materials Procurement

A1l 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 Stellite Division of Union Carbide Corporation. Some of
‘the ingots were produced by the Internationsl Nickel Company and Alvac
Metals. The extrusion of seamless pipe and tubing was done by Michigan
Seamless Tube Company, Wall Tube Company, and the International Nickel
Company. Forged pipe fittings were produced by Taylor Forge. Approxi-
mately two years were required to complete all INOR-8 procurement.

Typical INOR-8 prices were:

Rolled plate ' $3.00 per pound

Forged bar 4450 per pound
Tubing (1/2-in. diam) 6.00 per foot
Pipe (5-in.-diam sched 40) 225,00 per foot

Graphite. The 6000 1b 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
to gases, has been produced only in the laboratory and in small sizes
prior to this order. Approximately 2-3/4 years were required to produce
the final machined bars to the quality and tolerances required for the
MSRE core assembly.

Fabrication. Although some development of fabrication methods and
procedures was required, in general it was found that INOR-8 presented
no more problems than Inconel or various stainless steels if procedures
were closely followed.
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The Y-12 shops, during peak periods, used ten welders qualified in
INOR-8 welding procedures. These welders made 1300 x-ray-quality welds
requiring only 55 repairs. Out of 3300 welds which required liquid pen-
etrant inspection of each pass, only 1015 minor repairs to removed dye
indications were required.

To meet the peak demands, during the 2-1/2-year fabrication period,
approximately 40 craftsmen were utilized at Y-12 and 10 craftsmen at the
X-10 and Paducah shops.

Representative costs for making reactor-grade welds to MSRE specifi-
cations are: (1) precision fitting and welding of top head to reactor
vessel (60 in. diam by 1 in. thick), about $2900, or $187 per foot of
weld; and (2) fitting to reasonable tolerances and welding of bottom head
to fuel storage tank (50 in, diam by 1/2 in. thick), about $620, or $47
per foot of weld.

Data concerning cost of major components are shown in Table 4.
Fabrication Process. A photographic presentation of the completed

major components is made in 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
tank, These shells were rolled, machined, and welded to a tolerance of
approximately 1/16 in. in order to give good weld fit-up with the beads.
Figure 23 shows the bayonet tubes assembled to the top head of a fuel
drain tank, and Fig. 24 shows the completed tank. The steam dome cooling
assembly is shown in Fig. 25.

Table 4. Cost of Major MSRE Components

canponent; Velght o cost RS Cost Gt
7 (dollars)
Reactor | 9,500 200,000 50,000 200,000
Heat 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 tenks and steam 11,600 108,000 90,000
domes® ’ : ‘
Coolant drain tank 1,800 . 19,000 - 19,000

&pwo duplicate units.




Fig. 22.

Tank.
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Fig. 24.

Completed Fuel Drain Tank,
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- Heat Exchanger. /The shell, entrance-~exit:plenum, and tube bundle
are shown in Fig. 26, and Fig. 27 shows the completed unit. The semi-
automatic tube-to-tube-sheet welding process is shown in Fig. 28.

UNCLASSIFIED
PHOTO 39450

Fig. 26. Components for MSRE Primary Heat Exchanger.
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Fig. 27. Completed Heat Exchanger.
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Welding Heat Exchanger Tubes to Tube Sheet.

Fig. 28.
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Pumps, The MSRE fuel and coolant circulating pumps are very similar.
Figure 29 shows the fuel pump bowl and volute in process. The rotary
element assembly is shown in Fig. 30, The completed pump and drive motor
assembly is shown during hot performance tests in Fig. 3l.

Radiator. The radiator with its furnace enclosure, shown in Fig.
32, is one of the more complex MSRE components from the standpoint of
fabrication. The main header in its early fabrication stage is shown in
Fig. 33. A closeup of the tube-header assembly in process, with sheathed
thermocouples attached, is shown in Fig. 34. The completed coil assembly,
prior to its placement in the enclosure, is shown in Fig. 35.

Reactor and Core. As with all other MSRE components, extreme care
and critical inspection went into the fabrication of the reactor vessel
and core assembly. Figure 36 shows the machining of the bottom head for
the vessel, and Fig. 37 shows the attachment of vanes to remove the swirl
from the fuel and to direct its flow through the graphite core. Figure
38 shows the flow distribution and Fig, 39 the wvessel ready for instal-
lation of the graphite core. The core assembly at the halfwsy point is
shown in Fig. 40 and the completed assembly in its can in Fig. 41. The
reactor access nozzle and the control rod thimbles are shown during fab-
rication in Fig. 42. The completed control rod thimble assembly is shown
in Fig. 43, prior to final attachment to the completed vessel, which is
shown in Fig. 44 ready for shipment to the reactor installation site.

UNCLASSIFIED
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Fig. 29. Fabrication of Fuel Pump Bowl and Volute.
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Fuel Pump Rotary Assembly
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Completed Fuel Pump on Hot Test Stand.

Figo 3l.




Fig. 32.
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MSRE Radiator and Furnace Enclosure,
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Fig. 34.
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Radiator Tube-to-Header Assembly

tached to Each Tube.
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with Thermocouples At-
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Fig. 36. Machining Bottom Head for Reactor Vessel.
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= Fig. 37. Attachment of Flow-Straightening Vanes to Reactor Vessel.
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Fig. 38.

Reactor Vessel Inlet Nozzle and Flow Distribution.

Fig. 39.

Reactor Vessel Ready to Accept Graphite Core Assembly.




Fig. 40. Assembly
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of Graphite Bars into MSRE Core.
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Fig. 42.

Fig. 41. Completed Graphite Core Assembly.
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Reactor Access Nozzle and Control Rod Thimbles In Process.
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Fig. 43.
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Completed Control Rod Thimble Assembly.




Fig. 44.
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Reactor Completed and Ready for Shipment to MSRE Site.
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NUCLEAR CHARACTERISTICS OF THE MSRE*
—

e

R. J. Engel

Basis of Core Design

The basic concept of the MSRE is a cylindrical wessel 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
nmumber of nuclear properties on important core parameters. Three combi-
nations of the components of the fuel mixture were considered in these
calculations; the nominal compositions and densities are listed in
Table 1.

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
eritical concentrations (in mole % total uranium) and critical masses
(in kilograms of 23°U) are shown in Fig. 1. No allowance was made for
uranium inventory in the circulating loop outside the core.

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 II. These
were superseded by a more detailed study using fuel III after mechanical
design and chemical studies had established firmer values for 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 £t3
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 7% of the graphite volume by fuel salt.* The results of
this study are summarized in Table 2 for the fuel volume fraction range
from 12 to 28%. ‘

Miscellaneous Studies

A number of calculations were made to evaluate at least the critical
concentrations and masses for several other core configurations. In some
cases neutron flux distributions were also obtained. The configurations
considered included: '

*¥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 IT I11
Composition, mole %
LiF® 64 64 70
BeF, 31 31 23
ThF, 4 . 0
Zr¥, 0 4 5
UF4b 1 .1 R
Density, g/cm® : 2.2 2.2 2.47
80.003% SLi, 99.997% Li. )
b3, 59 235y, 6,54 238y,
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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-BeF;-ZrF,-ThF,-UF,
(70-23-5-1-1 mole %)
Temperature: 1200°F

Fuel density: 2.47 g/cm?
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
tration, mole % U
Cr%g%cal mass, kg of 11.0 11..8 12.7 14.8 17.4 20.5
U

System 23°U inventory,®  51.0 48.6 47.4 47.1 48.7 52.4
kg

Fuel temperature coeff., —-3.93 -3.83 =3.70 -=3.44 =3.16 =2.86
(sk/x)/°F (x 10°)

Permeation effect,P 11.4 9.7 8.3 6.1 4.6 3.5

% dk/k

8Core plus 38.4 ft3 of fuel.
Ppermeation by fuel salt of 7% of graphite volume.

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

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

3. Cores in which the solld moderator was all 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.

" 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

At an early stage of the design it was decided that the core would
be approximately 4.5 ft in diameter and 5.5 ft high, after calculations
showed that the critical mass was relatively insensitive to core size in
this region (Fig. 1). A fuel volume fraction of 0.225 was chosen because
it was near the minimum critical concentration of uranium and had a
favorably low reactivity effect due to fuel permeation of the graphite.
(The nominal fuel fraction was 0.24, but this was reduced to 0.225 be-
cause of mechanical considerations regarding the graphite moderator bars.)

Basic Nuclesr Properties

T
t .
Description of Core %

”w

The final design of the core and reactor vessel is shown in Fig. 6 ‘
in the preceding paper. Fuel salt enters through a flow distributor near
the top of the vessel and flows downwafd through an annular region out-
side the graphite to the lower head. Antiswirl vanes in the lower head
direct the flow radially inward before/it turns up to enter the fuel
channels. After passing through the moderated portion of the core, the
fuel leaves the reactor vessel from the upper head. The graphite moder-
ator is supported by an INOR-8 grid which is suspended from the core can.
The channeled region of the core consists of 2-in.-square, vertical
graphite stringers, with half-channels machined into each face to provide
fuel passages. The regular pattern is broken near the axis of the core,
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.
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Fig. 2. MSBE Control Rod Arrangement and Typical Fuel Channel, -
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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
will be used.

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

Fuel type A B c

Salt composition, mole %

LiF2 70 66 .8 65
BeF, 23.7 29 29.2
ZrFy, 5 4 5
ThF,, 1 0 0
UF, (approx) 0.3 0.2 0.8

‘Uranium composition, at. %

234y . i 1 0.3
235y , 93 93 35
236y ' 1 1 0.3
238y ; : 5 5 644
Density at 1200°F, 1b/ft> 144.5  134.5  142.7

#99.9926% 71i, 0.0074% ©Ii.
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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. This program was used with 32 fast-neutron
energy groups and a thermal energy cutoff at 0.4 ev. Fast group cross
sections for most elements were generated by the use of GAM-I. However,
the cross-section library that was available for this program did not
include data for SLi, 7Li, end °F. The slowing-down effects of these
isotopes were simulated with an equivalent amount of oxygen, and sbsorp-
tion cross sections were compiled separately from basic data. Average
cross sections for the thermal energy group were computed by the use of
another program, THERMOS.

In addition to the critical concentrations, the MODRIC calculations
produced sets of two-group constants for each region of the 20-region
model. Three one-dimensional calculations were required to provide the
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).

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. This program
also served as a check on the critical concentrations produced by the
one~dimensional calculations.

Other Calculations. The reactivity changes associated with changes
in fuel and graphite temperature, fuel and graphite density, uranium
concentration, and 135%e concentration and poison fraction were calcu-
lated for a one-region, two-group model of the core. This model was also
used to investigate the effect of the thermsl-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.

Summary of Results

The basic nuclear characteristics of the MSRE with each of the three
fuel mixtures are summarized in Taeble 4. The critical concentrations
shown are the results of the MODRIC calculations. These concentrations
gave values for k .. of 0.993, 0.997, and 0.993 for fuels A, B, and C,
respectively, when used in the EQUIPOISE program. The thermal-neutron
fluxes are direct results of the EQUIPOISE calculations, as are the
prompt-neutron lifetimes. The reactivity coefficlents were obtained
from the single-region calculations. The temperature coefficients in
this table reflect the l-ev thermal energy cutoff. Fuel and graphite
temperature coefficients of reactivity were also computed for fuel C using
the EQUIPOISE results. The values for fuel and graphite were, respectively,
3 and 15% lower than those obteined with the single-region model. How-
ever, the multiregion results are not necessarily more accurate because of
assumptions that were made regarding the spatlial dependence of the thermal-
neutron spectrum.
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: gaj Table 4. Nuclear Characteristics of MSRE with Various Fuels
Fuel A Fuel B Fuel C
Uranium concentration, mole %
Clean, noncirculating
235y 0.291 0.176 0.291
Total U 0.313 0.189 0.831
Operatinga
235y 0.337 0.199 0.346
Total U 0.362 0.214 0.890
. Uranium inventory,b kg
Initial ceriticality
233y 79 48 77
.. Total U 85 52 218
Operating®
233y 91 55 92
) Total U 98 59 233
Thermal-neutron flux,® neutrons
cm-“ sec™
Maximum 3.31 x 10*3  5.56 x 103 3,29 x 10%3
Average in graphite- 1.42 x 10*3 2,43 x 10*3  1.42 x 1013
moderated regions
Average in circulating fuel 3.98 x 1012 6.81 x 1012 3.98 x 1012
Reactivity coefficientd
Fuel temperature, (°F)~* -3.03 x 107% —4.97 x 107 —=3.28 x 107
Graphite temperature, —3.36 X 1077 —4.91 x 1077 —3.68 x 10~
(crt
. Uranium concentration 0.2526 0.3028 0.1754°
, 0.2110f
135Xe concentration in -1.28 x 108 —2,04 x 108  —1.33 x 108
core, (atom/barn-cm)~t ,
135%e poison fraction -0.746 —0.691 —0.752
* Fuel salt density 0.190 0.345 0.182
Graphite density 0.755 0.735 0.767
Prompt-neutron lifetime, sec 2.29 X 10™% 3,47 x 1074 = 2.40 x 10~%

8Fruel loaded to compensate for 4% Bk/k in poisons.
bBased on 73.2 £t of fuel salt at 1200°F.
CAt operating fuel concentration, 10 Mw.
dAt initial critical concentration. Where units are shown, coef-
Ticients for variable x are of the form (1/k)/(dk/dx); other coefficients
are of the form (x/k)/(dk/dx).
‘Eﬂj €Based on uranium isotopic composition of clean, critical reactor.
fBased on highly (~93%) enriched uranium.
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Teble 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-
tions (at the position of maximum thermal flux) of the two-group neutron
fluxes at 10 Mw with fuel C. The zero position for the axial distribu-
tions is the bottom of the graphite matrix in the core. The thermal flux
distribution in the mein portion of the core (O 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 thermal flux near
the axis is caused by the control rod thimbles and the extra fuel that
surrounds them.

Table 5. Neutron Balance for Fuel C at the Clean, Critical Condition =
(per 10° neutrons produced)

. Absorptions
Region
235y 238y  galt® Graphite INOR Total
Main core 45,459 7252 4364 795 1380 59,250
Upper head 3,031 928 675 1 131 4,766
Lower head 1,337 449 294 0 1480 3,560
Downcomer 1,496 338 203 0 0 2,037
Core can 0 0 0 0 3635 3,635
Reactor vessel 0 0 0 0 3056 3,056
Total 51,323 8967 5536 796 9682 76,304 *
Surface Leakage
Fast Slow Total
Top 1,991 10 2,001
Sides 19,619 1004 20,623
Bottom 1,068 4 : 1,072
Total 22,678 1018 23,696

8Constituents other than 23°U and 23%y. . .
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Later Refinements?

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-II, which includes lithium and
fluorine is now available. Calculations using this program indicate that
the critical concentrations are overestimated by about 14%. This differ-
ence is due primarily to the slowing-down effect of inelastic neutron
scattering by 19F which was not considered in the earlier calculations.

Some calculations were performed to evaluate the advantages of using
32 fast-neutron groups. Sets of multigroup cross sections with 32, 16, 8,
and 4 fast groups were generated using the GAM-II program. These cross
sections were used in one-dimensional diffusion calculations (MODRIC) of
the critical concentration. All the calculations agreed to within 1% on
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critical concentration, indicating the adequacy of the four-group treat-
ment for future work.

Effects of Fuel Circulation

The fact that the fuel circulates through the MSRE core has a defi-
nite effect on some of the nuclear properties. Subjects that have been
given separate consideration are the loss of some of the delayed neutrons
and the effects of gas bubbles in the circulating stream.

Delayed Neutrons. Since the transit time through the active region
of the core (where the fission density is substantial) is only about one-
third the loop transit time, significant portions of the delayed neutrons
from the longer-lived precursors are emitted outside the core, where they
are lost to the chain reaction. Calculations have been made to evaluate
this loss under steady-state operating conditions. For this purpose, the
core was approximated as a single-region cylinder with uniform fuel flow
velocity. The effect of the precursor movement on the axial distribution
of the delayed-neutron emission densities is shown in 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. At the other
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 delsyed-neutron fraction. The
total effective fraction of delayed neutrons is 0.00362 at a 1200-gpm
circulation rate and is 0.00666 in the static. core. The total yield of
precursors is 0.0064l. The effective delayed-neutron fraction was used
in subsequent kinetics calculations instead of trying to account for
precursor transport during transient conditions.

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. At operating conditions the fuel in the core may contain
gbout 1 vol % of helium bubbles. The presence of these bubbles makes the
fuel compressible, causing & 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 s rate different from the density of the salt alone.

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

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

During normsal 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. At the
same time, the pressure coefficient makes a positive contribution to re-
activity during at least part of the power excursion. However, the
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.

Control Rods

The MSRE contains three flexible control rods whose centers are lo-
cated at three corners of a 4-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. The poison elements are hollow cylinders, 1.08 in. OD
by 0.84 in. ID and 1.3 in.long, containing 30 wt % Al,03 and 70 wt %

.

o .
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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, (°F)™* (x 1077)

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™t (x 1077)

Slow changes with gas ~3.8 -7.0 -3.7
Rapid changes with gas +6.3 +11.4 +6.0

8Fvaluated at T = 1200°F, P = 36.5 psia (pump-bowl pressure, 5 psig).

Gd03. Thirty-six such elements, each clad in Inconel, are used for each
control rod.

Rod-Worth Calculations

The initial rod-worth calculations were done in two dimensions with
two neutron energy groups (fast and thermal) with EQUIPOISE-3. For this
purpose & horizontal cross section of the core was represented in X-Y
geometry, and an equivalent axial buckling was applied. The poison ele-
ments were regarded as "black" to thermal neutrons and transparent to
fast neutrons. The control rod "cells" were sized such that the perimeter
of the square representation of each rod thimble was equal to that of the
actual item. These calculations gave the reactlvity effect associsated
with the insertion of three control rods completely through the core for
each of the three fuels. The calculations were extended for fuel A to ob-
tain the effects of various combinations of fully inserted rods. Other
EQUIPOISE-3 calculations, in R-Z geometry with a single control cylinder,
were used to estimate the variaetion in worth with insertion distance.

Table 7 lists the total control rod worths obtained from the
EQUIPOISE-3 calculations. The worths of the various combinations listed
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 function
of fractional distance inserted. This curve 1s displaced somewhat to the
left of the idealized [ sin® curve.
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Subsequent calculations which considered epithermal sebsorptions in
the poison elements have been made using the EXTERMINATOR program in two
dimensions with the cross section of the core represented in R-6 geometry.
Four neutron energy groups were used: a fast group, & thermal group,
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-II cross sections and one with fuel
containing 1.9% Sk/k of fission product poisons compensated by additional
2353, The results were, respectively, 5.51 and 5.22% dk/k for three rods.
In the clean case, epithermal absorptions accounted for 12% of the rod
worth.

Table 7. Control Rod Worths in the MSRE

Fuel Rod Configuration (¥°g£7k)

A Three rods in 5
Rod 1 in, rods 2 and 3 out 2

Rod 2 in, rods 1 and 3 out 2

Rods 1 and 3 in, rod 2 out 4.

Rods 1 and 2 in, rod 3 out 4

7

5

Three rods in
C Three rods in
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Control Requirements

Since the fuel in this reactor is fluid, it is not necessary for the
control rods to perform flux-flattening functions for optimization of
burnup and fuel-to-coolant heat transfer. In addition, the temperature
distributions in the core are mild enough that temperature gradients are
no problem. As & result the control rods can be operated in the simplest
manner possible, consistent with good reactivity control.

In general, the two shim rods will be kept at equal distances of
insertion, and the servo-operated regulating rod will be inserted deeper
to keep the tip out of the "shadow" of the shim rods. The capability of
adding uranium at any time to compensate for burnup and stable poison
buildup permits steady operation at full power with the rods almost com-
pletely withdrawn. The only requirement is that the rods be deep enough
s0 the insertion of negative reactivity is not delayed by travel time in
regions of low effectiveness.

The driven speed of all three rods is 0.5 in./sec in both directions.
This allows the regulating rod to change reactivity at 0.02 to 0.04%
Bk/k per second, depending on its position within the allowed operating
range. Extensive analog computer studies indicated that this capability
provides adequate control for all normal operations. The maximum capa-
bility for reactivity addition with all three rods moving in the region
of maximum sensitivity is 0.08% 8k/k per second for fuels A and C and
0.1% per second for fuel B.

The shim requirements to compensate for transient reactivity effects
during operation are given in Table 8. These requirements, coupled with
the control rod worths, allow for a shutdown margin of at least 3% 8k/k at
1200°F for all operating conditions. The major uncertainty in the shim

Table 8. Rod Shim Requirements

Effect (% 8k/k)

Cause
Fuel A Fuel B Fuel C
lIoss of delayed neutrons 0.3 0.3 0.3
Entrained gas ‘ 0.2 0.4 0.2
Power (0-10 Mw) ‘ - 0.06 0.08 0.06
135%e (equilibrium at 10 Mw) 0.7 0.9 0.7
Samarium transient 0.1 0.1 0.1
Burnup (120 g of 23°U) 0.03 0.07 0.03
Total 1.4 1.9 1.4
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requirements is that associated with 135%e. Because of difficulties in

calculating this quantity, its evaluation will be the subject of extensive

experimental analysis. However, present indications are that the values
given are conservative. :

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. Overall temperature distributions were
calculated for the nominal full-power conditions (i.e., a fuel flow rate
of 1200 gpm and a temperature rise of 50°F) in the reactor. Results are
presented for fuel C, but those for fuels A and B were practically the
same.

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
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is generated, and a number of peripheral regions associated with the
inlet and outlet. The main core region in this context is that portion
that contains the graphite moderator.

Approximately 14% of the reactor power is produced in, or transferred
to, the fuel as it flows through the peripheral regions. At 10 Mw this
results in a 3.6°F temperature rise in the fuel before it enters the main
core region and another 3.4°F rise as it flows through the upper head to
leave the vessel.

The spatial distribution of the fuel temperature in 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. Axial
conduction in the graphite was neglected, so heat produced in the graphite
was transferred to the fuel with approximately the same axial distribution
as that of the fuel heat source. The results of this calculation describe
only the distribution of the average temperatures in the fuel channels.
Variations in fuel temperature within individual channels are superimposed
on this distribution.

Figures 7 and 8 show the overall radial temperature distribution near
the core midplane and the axial distribution in the hottest fuel channel.
These results are based on average fuel inlet and outlet temperatures of
1175 and 1225°F respectively. The low temperatures near the axis in the
radial distribution result from the fact that the flow velocity in this
region is about three times the average for the core.
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Graphlite Temperatures

Heat produced in the graphite by absorption of beta and gamma radia-
tion and the elastic scattering of fast neutrons amounts to about 7% of
the totel heat produced in the reactor. Figures 9 and 10 show the radial
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). Permeation of the graphite by fuel, if it occurs,
will also enhance the graphite-fuel temperature difference. Table 9
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.

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

Fuel permeation, vol % of graphite 0 0.5 2.0

Graphite-fuel temperature difference, °F

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-
tions in operating and in describing and analyzing the operation of the
system. The bulk average temperature, particularly of the fuel, is
essential for all material balance and inventory calculations. The
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, 1225°F outlet) were 1199.5 and 1229°F
respectively. Fuel permeation of 2% of the graphite volume increases the
graphite average temperature by 4.4°F.

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

Power Coefficient of Reactivity

Whenever the reactor power is raised,
graphite throughout the core must diverge.
temperature distributions at power and the
let, and average temperatures are inherent
which are not subject to external control.

The effect of 2 vol % fuel
7°F in the graphite nuclear

temperatures of the fuel and
However, the shape of the
relations between inlet, out-
characteristics of the system
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

Once the temperature behavior has been

power coefficient. However,

this coefficient is not a constant since it depends on the arbitrary

prescription of the temperature behavior.

Values of the power coefficient

of the MSRE and some pertinent temperatures for three fuels and three

different modes of temperature control are

given in Table 10.

Fission Product Poisoning

Operation of the reactor at power and

changes in power level will

produce changes in reactivity as fission products are bullt up and/or

Table 10.

Power Coefficients of Reactivity and Temperatures at 10 Mw

Power Coefficient

[ (% sk/k)/Mw]

Mode of Control

Temperature®

(°F)

Fuel A Fuel B Fuel C T(Out) T(in) T§ T;

Constant T( . -0.006 ~-0.008 -0.006 1200 1150 1186 1230
T(out) + T(in) ‘
Constant 5 -0.022 -0.033 -0.024 1225 1175 1211 1255
"Hands off"
 Fuel A 0 1191 1141 1177 1221
Fuel B 0 1192 1142 1178 1222
Fuel C | 0 1191 1141 1177 1221

aSystem isothermal at 1200°F at zero power.
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destroyed. The negative reactivity effect due to the buildup of stable
fission products, which depends prlmarlly on integrated power, will be
compensated by periodic additions of 35U. However, the transient ef-
fects, such as those due to 135%e ang 1 9Sm will be compensated by
control rod manipulation.

Xenon-135

The reactivity effects associated with the buildup and decay (or
removal) of 135%e 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. Some preliminary calculations have
been made, using rather gross assumptions, to estimate the xenon poisoning
at full power.

Production Mechanisms. ZXenon-135 is produced dlrectly from fission
of uranium as well as from the radiocactive decay of 1351 circulating with
the fuel. In addition, there is & possibility that iodine, which pre-
sumably will not be stripped out in the pump bowl, may be trapped either
in the graphite or on metal surfaces. ZXenon produced from the decay of
fixed ilodine 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 fuel salt that is soaked into the
graphite further increases the complexity of the problem.

Destruction Mechanisms. There are two major competing mechanisms

for the removal of 13%Xe from the circulating fuel. These are stripping
in the pump bowl and migration to the unclad graphite moderator. Approxi-
mately 85% of the 13°Xe that gets to the graphite is destroyed by neutron
absorptlon, thus adding to the poisoning effect; the remainder decays to

35Cs. Both the xenon migration to the graphite and the stripping ef-
fic1ency are highly uncertain, but it appears that 50% or more of the
total 13%%e produced may be removed at the pump bowl. In addition to the
me jor mechenisms, it is also necessary to consider the decasy 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.

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 ilodine circulated freely with
the fuel and that all the xenon is produced in circulating fuel (no fuel
soakup in graphite). The results are shown in Table 1l. The expected
values reflect a xenon diffusion coefficient in graphite of 1.5 X 103
£t2/hr (4 x 107 cm?/sec), and the maximum and minimum values show the
effect of increasing and decreasing the parameter by a factor of 100.

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 1l. Reactivity Effects of 12%Xe

Fuel Aor C Fuel B
Pump bowl stripping efficiency, % 25 50 100 50
‘Reactivity effect, % 5k/k
Mininmum -1.0 -0.5 0.3 0.5
Maxim.lml —107 —102 —009 —lo5

shown that the presence of circulating helium bubbles, introduced by the
stripper flow in the pump bowl, has a pronounced effect on the xenon be-
havior. Because of the extreme insolubility of xenon in molten salt, the
addition of 1 vol % of circulating helium bubbles reduces the equilibrium
xenon partial pressure (in the salt and bubbles) by a factor of about 40,
for a given total emount of xenon in circulation. That is, about 98% of
the circulating xenon will be in the bubbles. Since the xenon partial
pressure provides the driving force for migration to the graphite, the
preliminary calculations may overestimate the contribution to the poison-
ing by xenon in the graphite.

Samarium

Assuming that all the samarium circulates with the fuel, the buildup
of this fission product will ultimately poison about 0.9% &k/k at 10 Mw.
This level will be approached after about 100 days' operation at full
power. This effect can be compensated by uranium addition to the fuel.
However, each time the power is reduced to zero, the samarium poisoning
will increase an additional 0.1% over a period of 7 days. This increase
is burned out in about 7 days by operation at full power. Thus only the
0.1% 6k/k samarium transient need be compensated by the control rods.

Low-Cross~Section Poisons

The large majority of the fission products may be regarded as an
aggregate of low-cross-section nuclides. The poisoning effect of this
~.group increases initially at a rate of about 0.003% 8k/k per day at full

power.

. Neutron Sources

The presence of a neutron source that is independent of the fission
chain reaction is essential to the safe and orderly operation of the re-
actor. Three classes of source neutrons will be available during the
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operation of the MSRE. These include neutrons from the source that is
inherent in the fuel itself, photoneutrons produced by decay of fission
products, and the external source.

Inherent Source

The fact that the uranium is intimately mixed with the other con-
stituents of the fuel salt provides a substantial source of neutrons from
the interaction of alpha particles from the uranium with beryllium and
fluorine. Some neutrons are also produced by the action of alpha particles
on lithium, but this yield is negligible compared to that from fluorine
and beryllium. Diffusion-plant enrichment of uranium in 235y also in-
creases the 234U content, and about 97% of the alpha activity that leads
to neutron production is due to 234U. Over half of the O-n reactions take »
place in fluorine because of its high concentration in the fuel. The
total yield of O-n neutrons from the fuel in the core varies between 3
and 4 X 10° neutrons/sec, depending on the choice of fuel. There is also -
an inherent source due to spontaneous fission, primarily of 238U, but this
amounts to less than 1% of the O~n source, even in fuel C, which contains
about 0.6 mole % 238y, since the inherent source is always present in
the reactor when the fuel is there, it provides an absolutely religble
source whose presence need not be externally verified. The size of the
inherent source has been shown to be adequate from the standpoint of re-
actor safety.

Photoneutron Source

Once the reactor has been operated at power, the action of gamma
rays from the decay of fission products on the beryllium in the fuel pro-
vides an additional source of neutrons. This source provides a minimum
of 107 neutrons/sec in the core for 50 days after operation at full
power for 1 week.

External Source

From the standpoint of orderly operation, it is desirable to monitor ' .
the filling 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 fuel be in the reactor, an external <
source is required for this purpose. The external source will also serve
a number of useful purposes during the initial startup program.

A thimble is provided for the insertion of a neutron source in the
thermal shield which surrounds the reactor vessel. Because of the dis-
tance from the source thimble to the detectors on the opposite side of
the reactor and the low sensitivity of the chambers (0.026 count/nv), a
relatively large source will be required to produce a significant count
rate (>2 counts/sec) on the startup fission chambers when there is no
fuel in the core. Calculations using the two-group, two-dimensional . -
program EQUIPOISE BURNOUT indicate the need for a source of 4 X 107 \5)
neutrons/sec for this purpose. .
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The source requirement could be met with an antimony-berylliium
source, but the 60-day half-life of 124y gictates a substantially greater
source to avoid frequent replacement. (The neutron flux in the thermal
shield at the source tube is too low to maintain the‘124Sb activity, even
at full power.)

Because of uncertainties in the calculations of the source require-
ment, the final specification of the external source will be based on
measurements to be made with the reactor vessel installed. The con-
struction and startup schedule is such that there is time for procurement
of a source after these measurements and before the source is needed for
nuclear operation.

Kinetics

A number of studies, using both digital and analog computer tech-
niques, have been made to explore the kinetic behavior of the reactor.
These calculations can be divided into two categories: +those dealing with
small disturbances such as random "noise" and changes in load demand that
would be encountered in normal operation, and those dealing with major
disturbances that arise from abnormal situations.

Normal Operation

The reactor will be self-regulating during normal operation because
of the negative temperature coefficients of both the fuel and graphite.
The degree of self-regulation depends on the power level and is rather
sluggish even at full power. A number of factors contribute to the slow
response of the system. These include:

1. low power density in the core,

2. high heat capacities of the fuel and graphite,

3. "low heat-transfer rate between fuel and graphite,

4. low heat production in the graphite,

5. long loop delay times between the heat sink at the radiator and the

heat source in the core.

Figures 11 and 12 show the results of analog calculations of the

system response to changes in load demand at the radiator, in the absence

of external reactivity control. In both cases, slow changes in demand
were started at zero time, and the temperature and power response of the
reactor were recorded. The slow decrease in fuel temperatures after the
increase in power and the increase after the power reduction reflect the
attainment of the steady-state temperature -distribution in the graphite.
The slow power oscillation at low power was observed in all simulations
and appears to be an inherent characteristic of the system.

During routine operation, some external reactivity control will be
imposed through the use of a servo-operated regulating rod. ThisAis ex-
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pected to improve the response of the system and to minimize the
"wallowing" at low power. At powers above 1 Mw the servo system will be
used to regulate the reactor outlet temperature, with reset action based
on the nuclear power level. At lower powers the neutron flux will be con-
trolled directly, and the heat removal will be manually balanced against
the production.
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* Abnormal. Situations

The consequences of several, highly abnormal reaétivity incidents
have been examined in detail to characterize the inherent safety of the

reactor and to evaluate the instrumented safety system.

The excursions

associated with reactivity accidents are inherently self-limiting by
virtue of the negative temperature coefficient of reactivity of the fuel.
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(The negative temperature coefficient of the graphite is of little value g" .
during a rapid excursion because of its long reaction time.) However, the

action of the safety system is required to prevent equipment damage in

the most severe cases considered.

One of the greatest possibilities for equipment damage in this system
is collapse of the control rod thimbles. However, the pressure excursions
calculated for the core were very small, and they always occurred before
the temperature excursions reached the point where they might reduce the
allowable stress on the thimbles.

The reactivity incidents considered, along with a brief description
of how each might occur, are listed below. No attempt was made to evalu-
ate the credibility of the occurrences.

1. TUncontrolled rod withdrawal — Simultaneous withdrawal of all three
control rods, with criticality being attained while the rods are
moving in the region of maximum differential worth, is postulated. .

2. Cold slug accident — The fuel circulating pump is started with the
core just critical at 1200°F while the fuel in the external loop is
at 900°F.

3. Abnormal concentratlon of uranium during fuel addition — A slug of
120 g of 2 U added in the pump bowl, is assumed to go around the
loop without dllutlon and enter the core as a "front" uniformly
distributed to all fuel channels.

4. Displacement of graphite by fuel salt — Loss of an entire graphlte
stringer (62 in. long) from the center of the core and replacement
by fuel salt is postulated.

5. Premature criticality during filling — The core is filled at the maxi-
mum possible rate with fuel salt in which the uranium concentration
has been increased 60% by selective freezing in the drain tank.
Criticality is achieved with the core 60% full.

6. Loss of fuel circulation — Failure of the power supply to the fuel
circulating pump and the onset of natural-convection circulation are
considered. ®

7. Loss of load — Instantaneous loss of all heat-removal capability at
the radiator is assumed.

In 81l the events considered, except the filling accident, the re-
duction in reactivity obtained by dropping any two of the three control
rods (with a O.l-sec time delay and an acceleration of 5 ft/sec?) limited
the power, temperature, and pressure excursions to easily tolerable
values. In this context, tolerable values are those at which no damage
to equipment in the reactor cell occurs. In the case of the fuel-pump
power failure, an additional action, closure of the radiator doors, is
required to avoid freez1ng the coolant salt in the radiator.

Aside from the filling accident, the incident with the greatest ‘iJ
damage potential is the uncontrolled withdrawal of the control rods.
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Figure 13 shows the results of a digital calculation of the transients
produced by the rod withdrawal with fuel C in the reactor. The power
at k = 1 was 2 mw, the minimum attainable with only the inherent G-n
neutron source present. If nothing were done to stop the rods, it is
clear that intolerable temperatures would be reached. A rod scram at

15 Mw can limit the temperature excursion to a tolerable value, even if
it is assumed that one of the three clutches fails to disengage. The
effect of dropping two control rods, while the third continues to with-
draw, is shown in Fig. 1l4. The actual response time of a prototype con-
trol rod was much shorter than that assumed for this analysis.

The filling accident represents a special case because the amount
of reactivity available is not limited to that associated with a normal
fuel loading. Prior to filling the reactor, the control rods will be
withdrawn so that the core is just slightly subcritical when completely
full. This provides a capability for rapid insertion of negative reac-
tivity in the event of a power excursion during filling. However, the
reactivity that could be added in the postulated accident is greater
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than that which can be compensated by dropping two control rods. As a
result it is necessary to stop fuel addition to limit this incident.

The occurrence of a high-flux signal causes, either directly or
indirectly, three automatic actions, any one of which will stop the fill
if it is in progress. (In the present design, this will occur at 20 kw
during filling, but the analysis is based on its occurrence at 15 Mw.)
These actions are closure of the helium supply valves to the drain tanks,
opening of the drain-tank vent valves, and opening of equalizing valves
between the drain tanks and the fuel loop. The least effective of these
actions is that of stopping helium addition because this allows a "coastup"
of the fuel level in the core and does not result in draining the fuel
from the core. In analyzing the accident, it was assumed that only this
one action actually occurred.

The calculated results of the postulated filling accident are shown
in Fig. 15. The initial power excursion was checked by dropping two con-
trol rods at 15 Mw. However, the fuel coastup, due to failure of the vent
and equalizing valves to open, resulted in a second critical event. The
second excursion was slow enough so that only minor temperature rises
were required, even with the reduced temperature coefficients applicable
to the partly full core, to check it. If no further action were taken to
insert the third control rod or to drain the fuel, the core would remain
critical at some low power level.

Biological Shielding

The biological shielding above the reactor and drain-tank cells
consists of 7 ft of concrete in two 42-in. layers with iron inserts to
£i11l the cracks between blocks. The bottom layer above the reactor cell
is barytes concrete, and the top layer is ordinary concrete. Both
layers above the drain-tank cell are ordinary concrete. The shielding
around the sides of the reactor cell is, for the most part, 3 ft of
magnetite sand and water. ©Some additional shielding is provided by the
thermal shield around the reactor vessel. This shield is 16 in. thick
and is composed of about one-half iron and one-half water.

Extensive calculations have been made to evaluate the adequacy of
the biological shielding. In general, it appears that, within the limits
of the techniques available for evaluation, the biological shielding
should be adequate. A few potential weak spots were recognized during
the design. Provision has been made to stack additional concrete blocks
in these areas if surveys during the initial approach to power indicate
a need for them.

References

1. Most of this material has been reported in detail previously. See:
P. N. Haubenreich et al., MSRE Design and Operations Report. Part
III. Nuclear Analysis, ORNL-TM-730 (Feb. 3, 1964).
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INSTRUMENTATION AND CONTROL OF THE MSRE

~ oot

J. R. Tallackson

-~

Introduction
The purpose of the ihstrumentation and control system is to:

1. provide data to verify the designed performance,
2. provide information for reactor experiments,

3. provide safe, ordefly operation of the reactor system.

I think you will conclude, as I proceed, that the MSRE is well
equipped with instruments to meet both operational and experimental re-
quirements. It is appropriate to point out that this is primarily an
experimental system, one of the first of its kind. Therefore, it would
be wrong to assume that the instrumentation and control equipment and its
application is completely representative of any typical, future, molten-
salt power reactor system.

Temperature

Temperature readings are the most important measurements in a system
like this. High salt temperatures, which are thermodynamically desirable,
must be limited and controlled lest they exceed limits 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 instrumentation
and. control equipment is concerned with temperature.

Virtually all temperature measurements of consequence are made with
Chromel-Alumel thermocouples. These are magnesium oxide insulated, In-
conel sheathed, units and are welded or clamped to pipes or vessels., Most
of the thermocouples are dual; that is, both the Chromel and Alumel wires
are contained in a single sheath, A few selected couples in critical ap-
plications are made from two separately sheathed, single wires. A ther-
mocouple failure, as by loss of a weld or clamp attachment, will then
produce an open circuit and thereby signal that a failure has occurred.

We have been liberal in our use of thermocouples. Sufficient couples,
with redundancy, have been installed, so that we can get temperature pro-
files of the tanks, the fuel and coolant salt piping, freeze valves, the
pumps, and the radiator. More than 50% of these thermocouples are in-
stalled as a substitute for experience with the system and in order to
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 to run the machine,
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Conventional methods for readout and data collecting from this number
of points, such as multipoint recorders, would be an exercise in futility.
We employ relatively new techniques to read temperatures and to use the
temperature data effectively. Figure 1 is a block diagram of this temper-
ature-measurement system,

Almost all the thermocouples are routed to the patch panel, so that
any of the available readout methods can be applied to any given couple
vhich comes into the patch panel.

The Operations Monitor is used for control system interlocking and
to provide high or low limit alarms with a high degree of accuracy and
with good reliability. It is in use at all times during reactor operation
and not only indicates, with lamps, whether each temperature is within
limits, but alarms both visually and audibly if any temperature goes be-
yond its particular, preset high or low value., It employs modular con-
struction and is so designed that its capacity can be easily expanded or
contracted. Circuitry consists entirely of transistors and magnetic am-
plifiers and is expected to be considerably more reliable and maintenance-
free than comparable vacuum tube circuitry., The principal use of the
Operations Monitor will be to monitor important temperatures at freeze
valves in the fill and drain system and to provide control-system inter-
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lock signals based on these temperatures. The freeze flanges in the main
salt loops and at the steam domes in the after-heat removal system are
also monitored by this equipment.

The Thermocouple Scanner gives the operator an irmediate and contin-
uous picture of temperature profiles in the system. Figure 2 is a diagram
of the system. You will note that this device operates in a straight-
forward way; that is, a high speed selector switch is used to scan a group
of 100 thermocouples, each couple being monitored every 50 msec and com-
pared with a reference thermocouple. The difference is displayed on a
17-in. oscilloscope after suitable amplification. Temperature differences
of 5°F are immediately apparent, and, if any couple differs by 50°F from
the reference couple, it is annunciated. You will note that the scanner
does not read absolute temperatures, only differences. A second thermo-
couple, adjacent to the reference couple, is therefore used with a preci-
sion temperature indicator to obtain the reading of the reference temper-
ature,

The scamner will be most useful when the salt system, or a part of
the system, is undergoing an operator-produced change in temperature, or
when it becomes necessary to make certain that a particular piping loop
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or tank is at a uniform temperature, so that thermal gradients are mini-
mized to unquestionably safe values. A typical situation .occurs just be-
fore and during the filling of either the fuel- or the coolant-salt loop.
The operator will be able to check temperatures around the loop and to
make adjustments on the electrical heaters, as indicated by deviations
on the oscilloscope.

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

The Logger-Computer, which I will describe in more detail a little
later, is 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 circuit inter-
locking.

More TImportant Process Measurements

‘Salt levels and flow rates are the most challenging measurement prob-
lems in the MSRE. Salt lewvel in the drain tanks is measured in two ways.
Pneumatic weigh cells are used to give a continuous indication of each
tank's contents, and a two-point lewvel detector tells us when salt level
is at either 10 or 90% of tank capacity and gives us reference points for
the weigh cell instrumentation. The level detector measures the voltage
drop through the salt from electrodes suspended inside the tank. The
weigh cell instrumentation is also used to provide control system inter-
locks when the reactor is being filled.

Weld-sealed pressure transmitters are used to measure helium pres-
sures in lines to the drain tenks, and in the fuel pump bowl and the over-
flow tank. Salt levels in the fuel pump bowl and overflow tank are meas-
ured with submerged bubbler tubes and weld-sealed differential pressure
transmitters. The output signal from all of these transmitters is elec-
trical, and problems of transmission through the contaimment are thereby
minimized. ‘

We have also developed a float-type level transmitter, which gives
a direct measurement of salt level without producing any major containment
problems (see Fig. 3). No new concepts are involved. The float simply
actuates the armature of a differential transformer which produces the
signal. The magnetic coupling of the armature to the transformer coils
is through the contaimment walls. The developmental problems involved
pertain to environment, and results using this device are so encouraging
that we have installed one on the coolant-salt pump bowl and will put a
similar unit on the spare fuel-salt pump. We have operated one of these
transmitters for more than two years on a test loop. Ninety percent
(18,000 hr) of this time was at a temperature of 1250°F and 5% (1000 hr)
at 1300°F, During this test period, the calibration shifted 0.2 in. (44).
A temper?t;ﬁe change from 1000 to 1300°F causes a shift in indication of
0.3 in. (6%).
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A number of very small helium flows in the system are monitored with
a flow element consisting of & packed bed of glass beads. Flow rate
through this element is directly proportional to pressure drop, and this

device is less subject to plugging and temperature effects than a capil-
lary type element is.

Coolant-salt flow rate is measured by a Venturi and a specially de-
signed differential pressure transmitter (Fig. 4). This transmitter is
unusual in that intermediate NaK-filled capillary tubes, isolated by slack
diaphragms, are used to transmit pressures from the molten salt to a sil-
icone-oil-filled pneumatic transmitter of conventional design. A strain
gage transducer has been added, so the output signal is electrical rather
than pneumatic,

Nuclear Instruments

During normal operation from startup to full power, the MSEE will
require three types of neutron sensors, namely: (1) fission chambers,
(2) compensated ion chembers, and (3) safety chambers.
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For the initial critical experiments, four temporary channels of BF;
counters will also be used. With the exception of two of the temporary
BF3; channels, all of the chambers are installed in a single penetration
(Fig. 5). This penetration is 3 ft in diameter, is water filled, and con~
tains a total of 10 internal guide tubes, which loosely retain and locate
the chambers.,

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

During the early stages of design we provided two vertical holes in
the shield for BF3 counters and a third hole for the neutron source. Sub-
sequently, analysis by Haubenreich and Engel showed that the majority of
the neutrons at these locations will be source neutrons (as opposed to
fission neutrons) which will have gotten to the counters by traveling
around in the annular space between the shield and the core vessel. For
that reason, we are putting the other BF; chambers directly opposite the
source tube in the penetration.
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The fission chambers are the input sensors for the wide range count-
ing system. This was described in an information meeting about two years
ago. (see Fig. 7.). The fission chamber is moved by a servomotor, so
that it maintains a constant, preset count rate for all values of reactor
power sufficient to produce this count rate. If the attenuating medium
surrounding the chamber produced ideal exponential attenuation, the log
of reactor power would be proportional to the distance the chamber is
withdrawn from its innermost position and the reactor period would be
proportional to the velocity. Since this ideal situation is never attain-
ed, an adjustable trimming device, the function generator, is included
in the servo to compensate for the deviation from true exponential
neutron attenuation.
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The actual physical arrangement as used in the MSRE is shown in Fig,.
8. Two compensated ion chamber channels are used to provide the most ac-
curate flux information and for the input signal to the servo controller.
Figure 9 is a highly simplified block diagram of these two 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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plifier gain. In contrast to. the wide range channels previously dis- v *
cussed, output is linear, and each range setting covers only half a decade,

thereby giving good resolution. Output from either chamber and its range

setting are continuously indicated and recorded on the main control board.

A third group of three chambers provides flux information, used as
inputs to the safety system, These are uncompensated, neutron-sensitive
ion chambers and have no function other than safety. They are effective
in the power range from 1 kw to above 15 Mw,.
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Rod Drives

Pigure 10 is a diagram of a control rod drive. The articulated con-
trol rod is suspended from a sprocket chain driven by a gear-reduced ac
servamotor, The three drives are identical; they include coarse and fine
synchros to transmit rod position, an irreversible worm and gear set, and
a potentiometer for the position input signal to the safety system. You
will note that two parallel power transmission paths have been provided
to the sprocket chain. One is via the electromagnetic clutch; the alter-
nate drive path is through an overrumning clutch. The latter always pro-
vides a positive drive in the "insert" direction, and also maintains a
positive connection to the drive, so that reverse torque at the output
sprocket cannot produce accidental rod withdrawal. Any one of the three
rods is capable of being used as the servo-controlled shim-regulating
rod, by merely changing the electrical interconnections.

The shock absorber (shown in Fig. 11) used with this drive unit is
somewhat unusual., It -consists of a cylinder and a piston or plunger with
the unique feature that the working "fluid" is composed of 3/32-in.-diam
steel balls. The shock absorber assembly moves up and down with the rod.
When the rod is scrammed, the cylinder halts at the stop blocks at the
bottom of the housing. - The rod and the plunger continue to move down-
wards, and the kinetic energy of the rod is absorbed as the steel balls
are forced through the narrow annulus around the plunger into the upper
part of the cylinder. This device is a development of the Vard Corpora-
tion, who are building the rod drives.
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Fig. 10, Electromechanical Diagram of Control Rod Drive. u
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Fig. 11. MSRE Control Rod Drive — Shock Absorber Assembly.
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Scram is effected by opening the clutch coil circuit, which disen-
gages the clutch.

The curves in Fig. 12 give a comparison of actual scram performance
with an arbitrary performance specification based on an acceleration of
5 ft/sec? and a meximum release time or delay of 100 msec between the ex-
istence of scram conditions and actual disengagement of the clutch. Anal-
ysis has shown this to be adequate for any contrived situation. You will
note that there is a wide margin of actual acceleration over that required.
Th7 acgual acceleration obtained from tests of a prototype unit was 13
f£t/sec”. ‘
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CURVE B-SCRAM PERFORMANCE FROM TESTS OF JAN, 27-28,1964

 Fig. 12. MSEE Control Rod Height vs Time During Scram. Curve A —
reference curve of satisfactory performance, based on acceleration of 5
ft/sec2 and release time of 0.100 sec. Curve B — scram performance from
tests of January 27-28, 1964, '

.
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The curves in Fig. 13 have been calculated from the insertion dis-
tance vs time curves seen in Fig. 12 and the reactivity worth of two
rods, starting from an initial 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 is composed of reliable and redundant in-
strumentation, designed to protect the system and to ensure containment.
Figure 14 is a block diagram of the system. We have extended the scope
of the MSRE safety system beyond direct considerations of conditions in
the core. The string of blocks on the left side of the diagram are con-
ditions which initiate safety system action. Two of these, temperature
and flux, call for a rod scram. Most of the remaining inputs and safety
actions are concerned with various process instruments. The individual
instruments and related equipment, which provide the input-output func-
tions shown in the diagram, have been selected or designed with reliable
operation as the first consideration. Redundancy, in the form of either
two or three independent input channels, is used to produce the output
action required. Periodic, in-service testing of all or a major portion
of each channel is provided. For example, Fig, 15 shows three independent
channels of temperature input information as we use it to scram the con-
trol rods or to drop the radiator doors. The instrumentation used to
convert thermocouple emf to & usable signal is conventional, but for in-
service testing we have added an additional pair of thermocouple junctions
in series with the measuyring junction on the pipe. During normal oOpera-
tion, both the added junctions are at the same temperature and hence
produce no net signal. We can test the rod scram input circuitry by ap-
plying electrical heat to one of the added junctions, thus simulating a
temperature rise at the reactor outlet. A temperature drop can be simu-
lated by reversing the polarity of the artifically heated junction.
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Fig. 14. Block Diagrem of MSKE Safety System.
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Fig. 15. Typical Temperature Measuring Channels Used in MSRE Safety
System,

The three channel systems used to ensure contaimment are worth noting.
Figure 16 shows the instrument setup used to <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>